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THYROTROPHIC HORMONE ACTIVITY IN 
HYPOPHYSECTOMIZED RATS EXPOSED TO COLD AND 
RECEIVING ASCORBIC ACID! 


ANDRE DesMarals? 


Abstract 


Hypophysectomized rats were treated for 5 days with 0.05 unit of thyrotrophic 
hormone (TSH) daily, with or without administration of 150 mg of ascorbate 

r day, and either exposed to cold (14° C) or kept at room temperature (24° C). 

o effect of exposure to cold or ascorbate treatment could be observed on the 
thyroid-TSH relationship. Any effect of ascorbate treatment in these animals 
appears to be mediated through the circulating thyroid hormones. 


Introduction 


Previous observations indicated that exposure to cold had an enhancing 
effect on the response of the thyroid to thyrotrophic hormone (TSH) admin- 
istered to hypophysectomized rats; moreover, it appeared that the effect of 
cold exposure was greater with the smaller doses of TSH (7). Subsequent 
experiments (2, 3, 4) strongly indicated a relationship between the beneficial - 
effects of ascorbate administration in animals exposed to cold and the thyroid 
function. It therefore seemed worthwhile to investigate the possibility of 
an influence of ascorbate treatment on the afore-mentioned effect of cold 
exposure on TSH activity. In a first attempt to answer this question, 
Gagnon (6) found that TSH activity was indeed enhanced in hypophy- 
sectomized rats given ascorbate and maintained at room temperature; how- 
ever, this effect of ascorbate administration seemed to be either suppressed 
or masked by the similar effect of cold when the animals were kept at 14° C. 
The design of this last experiment could not provide a complete answer to 
the question, owing to the lack of appropriate control groups and to the 
small number of animals used. 


1Manuscript received May 30, 1958. ola : 
Contribution from the Department of Biology, University of Ottawa, Ottawa, Ontario. 
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under Grant number 9310-66, Project D 50-93-10-66. 


*Department of Biology, University of Ottawa, Ottawa, Canada. 
Can. J. Biochem. Physiol. 36 (1958) 








1100 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


Experimental 


Male albino rats of the Wistar strain were used.. After hypophysectomy, 
they were fed the synthetic diet No. 150 of Shaw and Greep (10) and tap 
water ad libitum. One week after hypophysectomy, the animals were 
randomly distributed into nine groups. At this time, their mean body 
weight was 118 g (110-126). Ten animals were immediately killed as initial 
controls (1.C.) to obtain information about the adrenals, thyroid, and thymus 
at the start of the experiment. The following treatments were then instituted 
in the remaining groups: groups 1 and 5: no treatment; groups 2 and 6: 
150 mg of sodium ascorbate administered in two daily doses of 75 mg by 
intraperitoneal injections; groups 3 and 7: 0.05 units of TSH (Actyron-Nordic) 
in one daily subcutaneous injection; groups 4 and 8: sodium ascorbate and 
TSH. Animals of groups 1, 2, 3, and 4 were maintained at room temperature 
(24° C) while those of groups 5, 6, 7, and 8 were kept in a constant temperature 
room at 14°C. The treatments were continued for 5 days, after which the 
animals were killed with ether; the thymus and adrenals were weighed in the 
fresh state on a Roller-Smith balance; and the thyroid, fixed in Bouin’s, was 
stained with Mallory for the measurement of the height of the vesicular 
epithelium by the usual ocular micrometer technique. 


Results 


Statistical analysis of the results has been made using the analysis of variance 
(11), and the differences between means have been assessed at 5% level of 
significance using the multiple range test of Duncan (5). 


A. Thyroid 

The results appear in Table I, the analysis of variance is shown in Table II, 
and the multiple range test has been recorded in Table III. From these, 
it may be concluded that: 


TABLE I 


RESULTS AT AUTOPSY 











_ Number of Thyroid,* Thymus, f Adrenals, t 
Treatment animals mean + S.E. mean + S.E. mean 
I< 10 7.08+0.59 380 .4+18.27 $7.5 
1 10 6.32+0.22 274.5+25.04 12.4 
2 10 5.83+0.38 325 .5+27.13 11.2 
3 10 7.63+0.18 327.7+25.88 11.6 
4 10 7.61+0.41 313.2+22.39 12.7 
5 9 6.11+0.64 277.6 420.62 11.3 
6 12 5.31+0.58 222.3+38.42 11.7 
7 13 8.69+0.46 373 .0+35.08 11.8 
8 11 8.42+0.56 332 .0+21.63 11.2 
z= = 95 DX? = 4973.18 LX? = 9670145.47 





*Thyroid cell height in yu. 
tThymus and adrenals: fresh weight in mg. 
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1. TSH treatment was effective in restoring the height of the epithelium, 
but its effect was not modified by cold exposure (groups 7 and 8) or ascorbate 
administration (groups 4 and 8). 


2. Ascorbate-treated rats in the cold (group 6) are the only ones to show 


a significant decrease in the height of the epithelium as compared to the 
controls (I.C.). 


3. There is no effect of exposure to cold in any treatment group. 
B. Thymus 
The results appear in Tables I, II, IV. They show that: 


1. Hypophysectomy, both at room temperature and in the cold, brings a 
significant decrease in thymus weight (groups 1 and 5). 


TABLE II 


ANALYSIS OF VARIANCE FOR THE THYROID CELL HEIGHT AND THE WEIGHT OF THE THYMUS 

















Thyroid Thymus 
Source of variation d.f. z sq. M. sq. 2 sq. M. sq. 
Total 94 264.83 ‘ 276313 .34 
Groups 8 ” RPS 11.19 225017.39 28127.17 
Indiv. in groups 86 135.32 1.57 $1295.95 596.46 
F 10.31 47.15 
P <.01 <.01 
TABLE III 
THYROID CELL HEIGHT — MULTIPLE RANGE TEST FOR SIGNIFICANCE OF DIFFERENCES BETWEEN 
MEANS 








(a) Shortest significant ranges for P <.05 
p 2 

















(3) (4) (S) (6) (7) (8) (9) 
| me 3.18 1.41 1.33 1.65 1.72 1.78 1.83 1.88 
(b) Results 
Groups 6 2 5 1 LX. 4 3 8 7 
Means 5.31 5.83 6.11 6.32 7.08 7.61 7.63 8.42 8.69 
TABLE IV 
THYMUS WEIGHT — MULTIPLE RANGE TEST FOR SIGNIFICANCE OF DIFFERENCES BETWEEN 
MEANS 








(a) Shortest significant oe for P <.05 
p 2 


(3) (4) (S) (6) (7) (8) (9) 
Rp 22.9 27.5 30.2 32.2 33.6 34.8 35.8 36.7 
(6) Results 
Groups 


6 1 5 4 2 3 8 7 Lc. 
Means 222.3 274.5 277.6 313.2 325.5 327.7 332.0 373.0 380.4 
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2. Administration of TSH restores the weight of the thymus to the control 
level in rats exposed to cold (group 7), but not in those kept at room tempera- 
ture (group 3). 

3. Ascorbate administration at room temperature is as effective as TSH 
in preventing the decrease in thymus weight due to hypophysectomy, but 
does not modify the effect of TSH. 

4. Administration of ascorbate in TSH-treated rats in the cold prevents 
the full effect of TSH on the restoration of the thymus weight, as observed 
in group 7. 

5. The decrease in thymus weight is the greatest in those rats given ascor- 
bate in the cold (group 6). 


C. Adrenals 

Owing to the evident homogeneity of the results in the groups under 
treatment (Table I), no statistical analysis has been made of these data. 
Results clearly show: (a) that the involution of the gland, already in progress 
1 week after hypophysectomy (I.C.), has proceeded further during the 5 days 
of the experiment; (5) that none of the treatments had any effect on the 
adrenal weight; (c) that the TSH preparation used was devoid of measurable 
corticotrophic activity. 


Discussion 


The results obtained in this experiment fail to confirm our previous obser- 
vation on the enhancing effect of cold exposure on the response of the thyroid 
to injected TSH (7); they also failed to substantiate the findings of Gagnon (6) 
concerning a possible effect of ascorbate on TSH activity. On the other hand, 
the observed significant decrease in the height of the epithelium in rats 
exposed to cold and given ascorbate is consistent with our previous findings 
that ascorbate administration decreases the activity of the thyroid gland 
(2, 3). Moreover, it shows that this effect of ascorbate can be obtained in 
the absence of an active pituitary and therefore would not be mediated 
through the thyrotrophic hormone. Since our previous experiments (3, 4) 
have disclosed a beneficial effect of ascorbate administration on the growth 
and survival of thyroidectomized rats given thyroxine and exposed to cold, 
we would be inclined to think that this effect of ascorbate on the thyroid 
gland is exerted, not through changes in the response to TSH, but more 
probably through changes in TSH secretion due to an effect of ascorbate on 
the activity of the thyroid hormones. 

In our previous experiments (2, 3, 4) we found that thyroxine, either given 
alone at high level or administered at low level together with ascorbate, 
prevented the involution of the thymus in cold-exposed rats. The weight of 
the thymus in any experimental condition seems to be dependent upon a 
number of factors, like the hormones of the adrenal cortex (2, 3, 12), the 
thyroid hormones (2, 3, 4), and changes in body weight (7), possibly through 
the pituitary growth hormone. In stressed animals, specifically in those 
exposed to cold, we have observed antagonistic effects of glucocorticoids 
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(reduction) and thyroxine (increase or maintenance) on the weight of the 
thymus (2, 3, 4). It thus seemed that the thymus weight could not be used 
as a measure of adrenal cortex activity in those instances where changes of 
thyroid function were observed. In the present experiment it seems possible 
to assess the effect of thyroid hormones on the weight of the thymus in a 
condition (hypophysectomy) where growth activity and adrenal cortex 
function are at a minimum if not at a standstill. 

The observed decrease in thymus weight in hypophysectomized rats is not 
due to an increased adrenal function; it is not associated with a decrease in 
body weight, which was at least maintained throughout the experiment. 
One of the other possible causes is the reduction of the thyroid activity; 
restoration of the thyroid function either prevents the decrease in thymus 
weight (group 7, cold) or limits its reduction (groups 3, 4, 8). 

The administration of ascorbate at room temperature does not modify 
the effect of TSH on the thymus; this is consistent with the observed fact 
that it has no effect on the activity of TSH on the thyroid gland. However, 
it is to be noted that ascorbate alone is as effective as TSH in limiting the 
thymolysis of these hypophysectomized animals. This might well be explain- 
able through a conditioning action of ascorbate’ on the residual thyroid 
hormones. 

In the cold, administration of ascorbate brings on the greatest decrease in 
thymus weight and prevents the full restoration of the thymus weight in 
TSH-treated animals. Since both TSH-treated groups show the same 
activation of the thyroid, and since ascorbate shows a decreased effectiveness 
at both levels of thyroid function in the cold, this lack of effect of ascorbate 
on the restoration of the thymus weight in rats exposed to cold does not seem 
to be explainable through changes in the level of circulating thyroid hormones. 
This may be due to a higher rate of utilization of thyroid hormones in the 
cold, as shown by many authors and particularly by Dempsey, and Astwood © 
(1) and Rand, Riggs, and Talbott (9). : 

These results seem to limit the beneficial effects of ascorbate administration 
in animals exposed to cold, as far as the thyroid function is concerned, to a 
conditioning of the peripheral activity of the thyroid hormones. Moreover, 
they emphasize the fact that the effect of ascorbate administration is not 
the same at room temperature and in the cold, where the needs for and the 
utilization of the thyroid hormones are not the same. Finally, these results 
call for a better understanding of the different factors affecting the weight 
of the thymus, specifically in experiments involving exposure to cold and gen- 
erally in stress conditions where the weight of the thymus has been and still 
is so often used as an index of adrenocortical function. 
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THE SIGNIFICANCE OF THE NUMBER OF PRECIPITIN BANDS 
IN AGAR GEL MEDIUM FOR THE DETERMINATION OF 
THE COMPLEXITY OF ANTIGENS! 


M. RICHTER,” B. Rose, AND A. H. SEHON 


Abstract 


A new interpretation is presented to account for inconsistancies which may 
arise when comparing data obtained with antibody-antigen systems in agar and 
in liquid media. For a model system, different haptens (p-aminobenzoic acid 
and p-sulphanilic acid) coupled to proteins were used. It has been demonstrated 
that the number of precipitin bands formed in agar medium by these antibody-— 
antigen systems may be smaller than the number of optimal proportion zones 
detected for these systems in liquid medium, provided the different haptens are 
coupled to the same carrier. This effect is not due to a lesser sensitivity of the 
reaction in agar but rather to the inherent limitations of this method. Thus, by 
the agar technique, not more than one antigenic moiety (present on a molecule) is 
detected, whereas by the precipitin test in liquid medium optimal proportion 
zones with respect to each of the antigenic moieties (on the molecule) may be 
detected. This limitation in agar is not considered to detract from the value of 
the agar gel technique when it is used for the detection of independent antigens. 


Introduction 


The technique of performing the precipitin test in agar gel medium, intro- 
duced and subsequently modified by Oudin (13, 14, 15), has proved to be a 
very sensitive method by which very small quantities of antigen and antibody 
can be detected. The method has since led to the development of a number 
of adaptations, notably the double diffusion methods of Ouchterlony (11) 
and Elek (5), immunoelectrophoresis of Williams and Grabar (20), the triangle 
plate method of Jennings and Malone (6, 7), and the double diffusion method 
of Oudin using the cell with parallel walls (17). A number of review articles 
have recently been published with reference to the use, limitations, and 
critical evaluation of the agar gel method (2, 10, 16, 22). 

Few attempts have been made to correlate the number of precipitin bands 
with the number of optimal proportion zones observed in the precipitin test 
in liquid media. Becker and Munoz (1, 9), demonstrated that a system 
which displayed a single optimal zone (i.e. supernatant simultaneously free 
of antigen and antibody) gave only one band by the Oudin gel technique, 
while systems which displayed more than one optimal zone in liquid medium 
gave two or more bands by the agar method. They concluded, as Oudin 
had previously (16), that since each zone of precipitation corresponds to a 
single antibody—antigen system, the number of bands observed in the agar 
gel is equal to or is less than the number of antibody—antigen systems involved. 

1Manuscript received July 10, 1958. 

Contribution from the Division of Immunochemistry and Allergy, McGill University 
Clinic, Royal Victoria Hospital, and the Department of Chemistry, McGill University, 
Montreal, Quebec. Supported by grants from the Institute of Allergy and Infectious Diseases, 
National Institutes of Health, Bethesda, Md., and the Department of Health and Welfare, 


Canada. Weare also indebted to the Charles E. Frosst Co., Montreal, for financial assistance. 
Fi a address: Department of Chemistry, University of Indiana, Bloomington, Indiana, 
S.A. 
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The present study was undertaken to establish the usefulness of the agar 
gel techniques when using complex antigens and to clarify the relationship 
between results obtained in agar and liquid media. 


Experimental 
Methods and Materials 

The antigens used were:* 

(i) HGG:t5% solution in saline. On electrophoretic analysis, this solution 
gave a characteristic broad peak of gamma globulin. 

(ii) HSA-B, HSA-S, and HSA-A. p-Aminobenzoic acid, p-sulphanilic 
acid, and p-arsanilic acid were coupled by diazotization to human serum 
albumin. To ensure the coupling of a maximum number of hapten molecules 
to the protein, the reaction mixture consisted of 150 moles of diazotized 
hapten per mole of protein (the molecular weight of HSA was considered 
to be 70,000). The coupling was performed at pH 7.4 to 7.6 at 4° C for 24 
hours. Solutions of these hapten—protein complexes were dialyzed against 
running tap water for 14 days to remove any uncoupled hapten. They were 
lyophilized and made up to a concentration of 0.5%. 

In addition, human serum albumin — di-hapten complexes were prepared by 
coupling simultaneously both p-aminobenzoic acid and p-sulphanilic acid in 
equimolar concentrations to HSA (HSA-BS). For the preparation of this 
material 75 moles of both diazotized haptens were reacted simultaneously 
with 1 mole of human serum albumin. All solutions were sterilized by 
Seitz filtration and stored at 4° C. 

Rabbits were immunized by intravenous injections (1 ml per injection, 
three injections per week with HGG, and four injections per week with 
HSA-B and HSA-S) for 4 weeks. Seven to ten days after the final injections 
the rabbits were bled and the antisera were sterilized by Seitz filtration and 
stored at 4° C. 

The antisera to HSA-B and HSA-S were found to react with HSA and with 
HSA-A, indicating that the antisera contained antibodies directed against 
the protein carrier and probably the hapten—protein linkage as well. To 
obtain antibodies specific to the homologous haptens only, the antisera were 
absorbed with HSA-A. The absorbed antisera (i.e. anti-B and anti-S) were 
shown to be specific for the homologous haptens in that precipitation was 
completely inhibited by free hapten. 

The agar gel method employing the Oudin cell with parallel walls (17) and 
a modified version of the Ouchterlony method were used. In the latter 
method the Petri dish was filled with agar containing the antiserum (e.g. to 

*The following abbreviations are used in the text: HSA‘=human serum albumin, HSA-A= 

rsanilic acid coupled to human serum albumin, HSA-B = p-aminobenzoic acid coupled to 

uman serum albumin, HSA-S = p-sulphanilic acid coupled to human serum albumin, HSA-BS 

oheeeneneets acid and pacieaiiie acid coupled simultaneously to human serum albumin, 

=human serum gamma globulin, anti-B =antiserum specific to p-aminobenzoic acid, 
anti-S=antiserum specific to p-sulphanilic acid, anti-HGG =antiserum to HGG. 


fObtained through the courtesy of the American Red Cross, a D.C. and pre- 
pared by E. R. Squibb and Sons, New York. Batch Number 606 
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HGG, four times diluted) and the central well was filled with the antigen 
(Fig. 1). The Petri dish was sealed with plasticine and was opened only once 
thereafter in order to refill the well with the original HGG solution. 

Precipitin tests were carried out using constant concentrations of antiserum 
and halving dilutions of antigen. In all cases, 0.25 ml volumes of reactants 
were used. Reactions were read when precipitation was first noticed to 
occur in any of the tubes. In all tests saline (0.9% NaCl) was used as diluent. 





Fic. 1. Modified Ouchterlony plate. The central well was filled with HGG in saline 
solution (2.5% solution) and was surrounded by the rabbit anti-HGG made up in 1% agar 
(antiserum diluted fourfold). Merthiolate (1:5000) was used as the bacteriostatic agent. 
Diameter of Petri dish is 9 cm. 


Results 


In a series of 18 tubes containing a constant concentration of anti-HGG 
and HGG in halving dilutions, the 16 central tubes contained precipitate 
and none of the supernatants was found to be free, simultaneously, of antigen 
and antibody. This finding was taken as an indication that several antibody— 
antigen systems were involved. At least ten bands were formed with this 
system in agar (Fig. 1). 
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Precipitin tests were set up with the antiserum to HSA-B and with the 
antiserum to HSA-S. Single optimal zones were obtained with each system 
(expts. 1 and 2 in Table 1). When both antigens were tested simultaneously 
with the mixture of both antisera, two zones of optimal proportions were 
obtained as can be seen in Table I (expt. 3). The concentrations of the 
reactants HSA-B, anti-B, HSA-S, and anti-S in the tubes corresponding to 
these two zones (tubes 4 and 10, expt. 3, Table 1) were identical with the 
optimal concentrations of the reactants when the two antibody-antigen 
systems were tested individually (i.e. correspondingly, tube 9, expt. 1 and 
tube 10, expt. 2, Table I). This demonstrates that the optimal proportion 
of an antibody-antigen system was not affected by the presence of another 
heterologous antibody-antigen system. 

An Oudin cell was prepared as shown in Fig. 2.* The lower section of the 
cell (compartment d) was filled with the two antigens (HSA-B and HSA-S) 
prepared in agar. The upper compartments a, b, and c were filled with the 
antisera: anti-B, anti-B + anti-S, and anti-S, respectively. The concentra- 
tions of the reactants used were such that the two antibody-antigen systems 
were both in antigen excess. The concentrations of the reactants corresponded 
to those in tube 2, expt. 3, Table I. As can be seen from Fig. 2, two bands 
were formed in the upper central compartment (6) of the cell, where both 
antisera were present, whereas only one band could be discerned in each 
side-compartment (each band being continuous with one of the two bands in 
the central sector) where only one antiserum was present. 

Precipitin tests were performed with anti-B and with anti-S using HSA-BS 
as antigen (expts. 1 and 2, Table II). With the HSA-BS—anti-B system, the 
optimal zone appeared in tube 9, whereas with the HSA-BS~anti-S system, 
the optimal zone appeared in tube 5. Anti-B and anti-S were then tested 
simultaneously with HSA-BS in liquid medium (expt. 3, Table II). The 
concentrations of the antisera were identical with those used in expts. 1 and 2 | 
of Table II. As expected, two optimal zones were observed and they occurred 
in tubes 5 and 9. The supernatant from tube 5 did not react with either 
anti-S or HSA-S, indicating that all the antigen (HSA-BS) and antibody to 
p-sulphanilic acid had been removed. Neither did it react with HSA-B, 
demonstrating that all the antibodies to p-aminobenzoic acid had also been 
removed by the precipitate. 

Another Oudin cell was prepared as described in Fig. 3. The reactants 
(anti-B, anti-S, HSA-BS) were used in concentrations as in tube 6, expt. 3, 
Table II. The antigen, HSA-BS, was used in excess with respect to anti-B 
whereas it was in suboptimal concentration with respect to anti-S. One 
diffuse band was formed in the area of the cell containing anti-B (compart- 
ment a, Fig. 3) and similarly a single band was formed in the area of the cell 
containing both antisera (compartment )b, Fig. 3). The former band was 
formed in the antibody region of the cell whereas the latter band appeared 
in the antigen region. 


*Figs. 2 and 3 were drawn, since the precipitin bands were not clearly defined on photo- 
graphic plates. 
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Fic. 2. Double diffusion rp in Oudin cell with parallel walls. Compart- 
ments @ and ¢ contained anti-B (1:4) and anti-S (1:4), respectively. Compartment 6 
contained anti-B (1:4) plus anti-S (1:4). Compartment d contained HSA-B and HSA-S. 
All reactants were made up in 1% agar. Merthiolate (1:5000) was used as the bacteriosta- 
tic agent. 

Fic. 3. Double diffusion experiment in Oudin cell with parallel walls. Compart- 
ments a and 6 contain anti-B (1:8), and anti-B (1:8) plus anti-S (1:2), respectively. 
Compartment c contains HSA-BS. All the reactants were made upin 1% agar. Merthi- 
olate (1:5000) was used as the bacteriostatic agent. 
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Discussion 


It is generally accepted that the precipitin test in agar is more sensitive 
than the precipitin test in liquid medium for the determination of the degree of 
antigenic complexity. In general, the number of bands observed in the agar 
is equal to, or less than, the number of antibody-antigen systems involved. 
As pointed out by Ouchterlony (12) and Munoz (10), the probability of two 
bands being superimposed is small, since the two antigens would have to 
have identical diffusion coefficients, be present in exactly the same concentra- 
tion, and precipitate in the same optimal proportion. These conditions are 
rarely fulfilled but such cases have been observed to occur (9, 21). For all 
practical purposes, this complication may be ruled out by repeating the test 
with varying concentrations of the reactants. It has already been amply 
demonstrated that precipitates do not interfere with the free diffusion of 
heterologous antigens and antibodies in agar (2, 16, 22). 


In the present study, when two antigens were coupled to separate protein 
molecules and permitted to react with their respective antisera the number of 
precipitin bands coincided with the number of optimal zones (Fig. 2 and expt. 
3, Table I). However, when both antigens were coupled to the same carrier 
molecule and were made to react simultaneously with their antisera, only 
one precipitin band was formed in the agar (Fig. 3), although two optimal 
zones were obtained in liquid medium (expt.°3, Table II). The possibility 
that a second band might have been formed and that it might have been 
masked by virtue of its migrating at the same rate as the observed band can 
be ruled out. It could not have formed because of the limitations imposed 
on the system. We explain the formation of only one band in the following 
way. The antibodies to p-sulphanilic acid diffused into.the compartment 
containing the antigen HSA-BS and precipitated with it thus immobilizing 
it and preventing it from attaining optimal concentration with respect to 
anti-B. Therefore, it may be concluded that when two antigens are situated 
on the same molecule, the precipitin band obtained in the agar corresponds 
to the system reaching optimal proportion first, and one cannot expect to 
obtain more than one band with a multiantigenic system if all the antigens 
are on the same molecule. Our observations and conclusions provide an 
explanation for the results obtained by Lapresle (8), who observed only one 
precipitin band in agar using human serum albumin and a homologous anti- 
serum and three precipitin bands with a partially hydrolyzed human serum 
albumin preparation. These results indicate that three different antigenic 
moieties had been split off the albumin molecule during the hydrolysis and 
that prior to hydrolysis all the antigens were on the same molecule thus 
giving rise to only one band. Similar observations have been made recently 
in this laboratory regarding the antigenically different components in the 
y-globulin fraction of normal human urine (19). The urinary ‘2-globulins 
formed two bands with the antiserum to the serum ‘2-globulins but both of 
these bands coalesced with only one of the bands formed by the serum y- 
globulin components. Since this fraction of the urinary proteins was shown 
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to be of a smaller molecular weight than the corresponding serum fraction, 
it was concluded that urinary ‘2-globulins consist of fragments of serum 
-globulins. 

The limitation in agar does not exist when the test is performed in liquid 
medium and the relative concentrations of the antisera and the antigens are 
different in each tube. Each antibody-antigen system present will exhibit 
its individual optimal zone. However, in a system containing multiple 
antibodies and antigen it may be difficult to detect all the optimal zones 
due to their overlapping. This is undoubtedly what occurred with the 
HGG~-anti-HGG system for which at least ten bands were obtained in agar. 
Since each antigen would give rise to a band provided it is situated on a 
separate protein molecule, HGG must contain at least ten antigenically 
different molecules. In fact, Cann et al. separated human immune gamma 
globulin by electrophoresis-convection into four fractions (3) and bovine 
gamma globulin into eight fractions (4) possessing different physicochemical 
properties, and more recently Saifer and Corey (18) separated human gamma 
globulin into three different fractions by free electrophoresis. 

In conclusion, it can be stated that if the number of bands formed in agar 
is identical with the number of optimal zones obtained in liquid medium, the 
antigens are likely to be situated on separate molecules. However, if the 
number of bands obtained in agar is less than the number of optimal zones 
obtained in liquid medium, then in all probability some of the antigens are 
attached to the same carrier molecule. It is therefore suggested that immuno- 
logical reactions should be investigated both in agar and in liquid medium 
for a more complete and unequivocal characterization of complex antigens. 
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A RAPID METHOD FOR THE LARGE SCALE PREPARATION 
OF CALF THYMUS DEOXYRIBONUCLEATE! 


R. O. Hurst 


Abstract 


Isolation of deoxyribonucleate from a concentrated solution of thymonucleo- 
protein has been achieved by disruption of the protein nucleate bond with 
potassium thiocyanate, adsorption of the protein on celite, and alcohol pre- 
cipitation of the deoxyribonucleate from aqueous salt solution. Highly poly- 
= nucleate can be obtained readily from 1 lb of calf thymus tissue in high 
yield. 


Introduction 


Although many procedures exist for the isolation of deoxyribonucleate 
(DNA) from calf thymus, their application to the task of large-scale pre- 
paration of DNA makes them laborious. In previous work in our laboratory 
the method of Marko and Butler (1) was used extensively, but despite the 
many advantages of this method over other procedures, it is generally found 
that the filtration of large volumes of nucleoprotein solution is time-consum- 
ing and requires the use of several celite filter pads. with an attendant loss of 
material owing to adsorption of the DNA on the celite and the gross loss of 
nucleic acid in the discarded protein residue. The method of Smillie, Marko, 
and Butler (2) has been found to give better results with respect to the removal 
of protein but it is not a satisfactory method for large scale preparations of 
DNA. 

The present report describes a procedure for the rapid preparation of DNA 
on a large scale utilizing the ability of celite to adsorb the nucleohistone. 
The use of sodium chloride — potassium thiocyanate solution to disrupt the 
salt linkage of the nucleoprotein has made it possible to carry out this pro- 
cedure at much higher concentrations of nucleoprotein solution and still - 


obtain a reasonable filtration rate in the separation of the protein from the 
DNA. 


Experimental 
Methods 
Total phosphorus analyses were made by the method of Beveridge and 
Johnson (3). Determination of nitrogen was carried out according to the 
method of Ma and Zuazaga (4). Determination of specific viscosity was 
carried out according to the method described by Marko and Butler (1) 
using aqueous solutions of DNA. 


Isolation of DNA 


Calf thymus glands were obtained from Canada Packers, Peterborough, 
Ontario. The glands were removed from freshly slaughtered calves, placed 
on a tray of dry ice, and stored in a cold locker until shipped. The frozen 

1Manuscript received May 16, 1958. 

Contribution from the Department of Biochemistry, Queen’s University, Kingston, Ontario. 
Can. J. Biochem. Physiol. 36 (1958) 
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tissue was packed in dry ice and always arrived at the laboratory in a com- 
pletely frozen state. The tissue was allowed to thaw partially and then 
dissected free of connective tissue and fat and minced in a Hobart meat 
grinder. The minced tissue was immediately dispersed in two volumes of 
0.10 M ethylenediaminetetraacetate (EDTA), pH 7.35. All solutions con- 
taining EDTA were prepared from the tetrasodium salt; the pH was adjusted 
with hydrochloric acid to pH 7.35 as recommended by Zamenhof (5). The 
extraction was accomplished by taking 100 ml of tissue and 200 ml of EDTA 
solution and mixing for 1 to 2 minutes in a Waring blendor. A few drops of 
n-octyl alcohol were added to prevent frothing whenever the blendor was 
used. The resulting suspension was poured into 250-ml centrifuge bottles 
and centrifugation carried out for 30 minutes at 1800 gat 5° C. The supernat- 
ant was discarded and the residue was rinsed out of the bottles with two 
volumes of 0.10 M EDTA and redispersed, and centrifuged. This procedure 
was repeated until the residue was white and the supernatant clear. 

One volume of 2 M sodium chloride, 0.01 M EDTA, was added to the 
residue in the centrifuge bottle and the resulting mixture rinsed into the 
flask of the Waring blendor with two volumes of 1 M sodium chloride, 0.01 M@ 
EDTA. After mixing for 1 to 2 minutes the viscous solution was stored for 
a few hours or overnight at 5° C. 


The viscous solution was again stirred using the Waring blendor and 
poured into six volumes of cold 0.01 M EDTA. The gelatinous precipitate 
was stirred occasionally for 1 to 2 hours with a glass rod until the gel became 
whiter and it was possible to remove the whole mass in one piece. After the 
nucleoprotein mass had drained thoroughly, it was washed twice with 0.10 M 
EDTA in 1-liter amounts. If the content of ribonucleic acid in the final 
product is higher than 1%, the deoxyribonucleoprotein should be redissolved 
in a final concentration of 1 M sodium chloride, 0.01 M EDTA, and the 
precipitation should be repeated at this stage in the manner already described. 

The nucleoprotein was then dispersed in one volume of 2 M sodium chloride, 
0.01 M EDTA, using the Waring blendor. Two volumes of 1.5 M potassium 
thiocyanate solution were added to the resulting viscous solution and the 
mixture was stirred for 10 minutes using a Schaar heavy-duty stirrer set at 
high speed. After the mixture had been thoroughly homogenized in this 
manner it was stored for 24 hours at 5° C. 

After this period the solution was again stirred at high speed for 10 minutes. 
A suspension of Johns Manville filter aid (0.35 g of filter aid per gram of 
minced tissue) in 600 to 700 ml of 1 M potassium thiocyanate was added 
and the stirring continued at high speed for 5 minutes. Cenco No. 13260 
filter paper was cut to fit a 10-inch Biichner funnel. No. 545 coarse celite 
(130 g) was dispersed in 1 liter of distilled water and poured onto the moistened 
filter paper. Gentle suction from a water pump was applied until the filter 
pad just cleared of water and then the nucleoprotein solution was poured on 
gently, using a large inverted rubber stopper on the celite pad to protect it. 
The rubber stopper was removed, the water in the filter flask discarded, and 
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filtration continued with mild suction for about fifteen minutes and then the 
suction increased as warranted. Filtration time depended upon the amount 
of final solution and fine celite required but was very rapid considering the 
extremely viscous product. In one experiment 470 g of calf thymus glands 
gave 270 g of minced tissue, resulting in 2 liters of nucleoprotein solution 
containing 110 g of fine filter aid. Filtration of this material was completed 
in 1 hour. 


After all the nucleoprotein solution had passed through, the filter pad was 
washed with five 200-ml portions of 1 M potassium thiocyanate solution and 
finally sucked dry. The removal of all the nucleic acid held by the filter 
pad was indicated by the increasing fluidity of the filtrate. The protein 
adsorbed on the fine celite did not seriously affect the filtration rate except 
with larger amounts of starting material. If the filtration rate slowed down 
it was possible to increase it by stirring the solution above the celite pad. 

The sparkling clear filtrate was stored at 5°C until thoroughly chilled. 
The nucleic acid was isolated by pouring the filtrate into two volumes of cold 
95% alcohol at 5°C. It was found convenient to do this in batches of 1 
liter of nucleate solution. The resulting precipitate of DNA was allowed to 
harden in the aqueous alcohol solution for a minute and then, after careful 
swirling of the solution to ensure complete precipitation, the DNA was lifted 
out on a stirring rod that was bent slightly at one end, and transferred to a 
wash solution of 75% alcohol (1 liter). After all the nucleate had been pre- 
cipitated in this manner, the collected samples of DNA were combined and 
transferred to 85% alcohol, then to 95%, and to absolute alcohol. After the 
final alcohol washing the DNA was transferred to acetone. The acetone 
washing was repeated and the DNA was compressed in the hand to wring 
out most of the acetone. The nucleic acid was then opened out using forceps 
until it was all light and fluffy and left to dry in the air. At no time before 
the final acetone washing was the DNA handled with the fingers or compressed ~ 
in any way during draining of the wash liquors. 

It was generally found that the nucleate solution resulting from the filtration 
of the nucleoprotein solution gave a positive biuret test. After the final 
alcohol precipitation, however, the DNA preparations gave a negative biuret 
test if this step was carried out using solutions chilled at 5° C. 


Results and Discussion 


Best results were obtained using the procedure as outlined. Attempts to 
substitute sodium thiocyanate in place of potassium thiocyanate were satis- 
factory with respect to yield but the filtration time was found to be inordin- 
ately long. This is presumably related to the fact that the potassium salt 
is more highly ionized and more effective in disrupting the salt linkage of the 
nucleoprotein. Attempts to use sodium or potassium thiocyanate alone 
without sodium chloride resulted in very low yields of DNA. Ionic strength 
is therefore an important factor in determining the efficacy of this procedure. 
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By carrying out the preparations of DNA from 1-lb batches of frozen glands, 
it was possible to isolate the nucleic acid in good yield from 3 lb of tissue in 
3 days. The results of several experiments are reported in Table I. 

The total content of DNA in calf thymus glands has been reported by 
Marko (6) to be 38.4 g per kilogram of tissue. The best yield reported by 
Marko and Butler (1) for DNA from calf thymus was 73%. The procedure 
reported here not only allows one to work with large amounts of tissue but 
results in a much higher yield of DNA, being consistently obtained with 
reasonable effort. The yield reported in Table I for the second experiment 
represents a recovery of 85% of the DNA in the original tissue. 


TABLE I 


ISOLATION OF DEOXYRIBONUCLEIC ACID FROM CALF THYMUS 











Yield 
Salt used Celite, Biuret DNA, 
in final Frozen Minced g/g Filtration test on Yield g/kg 
Expt. solution, glands, tissue, minced time, isolated DNA, minced 
No. 1M g g tissue hr DNA g tissue 
1 NaCl-KSCN 470 270 0.45 1 —ve 7.6 28.1 
2 NaCl-KSCN 270 155 0.35 0.5 —ve 5.0 32.3 
3 NaCl-KSCN 270 155 0.10 0.75 +ve 4.5 29.0 
4 NaCl-KSCN 530 389 0.40 4 —ve 9.9 25.4 
5 NaCl-KSCN 500 397 0.40 4 
—ve 17.7 23.9 
6 NaCl-KSCN 500 344 0.40 4.5 
7 KSCN 494 240 0.35 11 +ve 2.4 10.0 
8 NaCl-NaSCN 503 309 0.45 8 —ve 6.3 20.4 
9 NaCl-NaSCN 460 350 0.40 9 —ve 8.3 23.7 
10 NaCl-NaSCN 460 355 0.40 14 } 
—ve 15.2 22.0 
11 NaCl-NaSCN 460 335 0.40 4.5, eet 
12 NaSCN 516 287 0.45 9 —ve 1.8 6.3 








*This preparation was divided into two parts for filtration. 


TABLE II 


PHYSICAL AND CHEMICAL PROPERTIES OF SEVERAL PREPARATIONS OF DEOXYRIBONUCLEATE 








Extinction coefficient 








Viscosity, per mole phosphorus 
Nesp per g per liter 
phosphorus 

Preparation* N:P ratio per liter 2300 A 2600 A 

1 1.68 47.7 - - 
4 1.78 §2.2 3,290 8,680 
5,6 1.81 39:4 3,360 8,630 
9 1.72 91.4 3,330 8,790 
10,11 1.69 63.8 3,500 8,880 





*Numbers refer to same experiments as listed in Table I. 
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The results of analysis of some of the samples of DNA are given in Table II. 
The values reported for viscosity and extinction coefficients are consistent 
with those reported for highly polymerized preparations of DNA. Apart 
from the negative biuret test, DNA isolated by this procedure was found to 
give negative Million’s, Hopkins—Cole, and xanthoproteic tests. 
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DETERMINATION OF GLUCOSE IN FISH BLOOD 
A MODIFICATION OF THE FOLIN-MALMROS MICROPROCEDURE! 


LEONARD R. MURRELL? AND PAUL F. NACE 


Abstract 


A modification of the Folin-Malmros micromethod is described for the deter- 
mination of fish blood glucose. A more efficient separation of blood proteins is 
obtained by precipitating 0.1 ml blood in 10.0 ml tungstic acid. This is followed 
by hot alkaline reduction of ferricyanide, and colorimetric measurement of a 
Prussian blue — sodium lauryl sulphate suspension. The method, which elimi- 
nates certain difficulties found in other procedures, has been successfully applied 
in more than a thousand analyses of blood from two species of fish (Opsanus 
and Ictalurus) having glucose concentrations between 15 and 250 mg per cent. 


Introduction 


Many methods for the determination of blood glucose are available, but no 
method specifically for use on the blood of species other than man and the 
common laboratory mammals has been described. Since physiological studies 
of the lower vertebrates, especially poikilotherms, have become increasingly 
significant (1, 2, 3, 4, 5, 6), a blood glucose method for these animals is 
essential. 

Our investigations of two species of fish (lake catfish, Ictalurus nebulosus, 
and the toadfish, Opsanus tau) have involved several methods of blood glucose 
analysis (7, 8, 9, 10), none of which has been adequate. This need has been 
met by the development of a method characterized by (1) efficient precipi- 
tation of proteins, (2) use of minimal quantities of blood, (3) reproducibility 
over a wide range of glucose concentrations, (4) ease of manipulation, and 
(5) rapidity. 


Details of Analysis 
Preparation of Reagents 

(1) Standard glucose solutions—Standard glucose solutions covering the 
expected range of concentrations (e.g., 0 to 250 mg™%) are prepared in saturated 
benzoic acid. 

(2) Dilute tungstic acid—To 480 ml distilled water add simultaneously, and 
with agitation, 10.0 ml 10% sodium tungstate and 10.0 ml 0.67 N sulphuric 
acid. The sodium tungstate solution used must be adjusted to pH 7.0 by addition 
of 1 N hydrochloric acid. 

(3) Potassium ferricyanide solution—Dissolve 250 mg potassium ferricyanide 
(ferrocyanide-free) in 500 ml distilled water. Store in a brown bottle, and 
discard if a precipitate forms or if a blue color results from addition of ferric 
Duponol reagent. 

‘Manuscript received May 21, 1958. 

Contribution from the Department of Biology, McMaster University, Hamilton, Ontario, 
and the Marine Biological Laboratory, Woods Hole, Massachusetts. 


*Present address: Department of Anatomy, University of Minnesota, Minneapolis 14, 
Minnesota. 
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(4) Buffer solution—Dissolve 4.0 g anhydrous sodium carbonate in 20-25 
ml distilled water. Add 75 ml freshly prepared 1.0% sodium cyanide; dilute 
to 500 ml. This solution must be fresh daily. It has a pH in the range 
10.5 to 11.0. 

(5) Ferric Duponol solution—Dissolve 0.10 g crystalline ferric ammonium 
sulphate in 10-15 ml distilled water. Add 5.0 ml 85% phosphoric acid and 
mix. Add 0.30 g sodium lauryl sulphate (‘‘Duponol’’) dissolved in 30-40 ml 
distilled water. Dilute solution to 100 ml. 


Analytical Procedure 

(1) Deliver 0.1 ml blood or glucose standard into a centrifuge tube containing 
10.0 ml tungstic acid. Mix by a stream of air blown through the pipette. 
Rinse pipette by drawing up and expelling several 0.1 ml aliquots of the 
mixture. 

(2) After 15 minutes, centrifuge for 5 minutes at about 3000 X g (4000 
r.p.m.). 

(3) Pipette 0.5 ml supernatant into photometer tube containing 0.5 ml 
tungstic acid solution. 

(4) Add 0.5 ml potassium ferricyanide solution. 

(5) Place tubes in boiling-water bath for 15 seconds. 

(6) Add 0.5 ml buffer solution. 

(7) Cover tubes with marbles (to control evaporation) and heat in boiling- 
water bath for 15 minutes. (A temperature control tube containing 2 ml 
water should be heated with the sample tubes.) 

(8) Cool to 25°-30° C in an ice-water bath, measuring temperature in the 
control tube. 


100 


8° 


60 


40F 


20F 
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Wo 
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Fic. 1. Typical calibration curve. Plot of logarithm of per cent transmission of 
Prussian blue suspension against glucose concentration of standard solutions. 





teette 


MURRELL AND NACE: FISH BLOOD GLUCOSE 1123 


(9) Add 1.0 ml ferric Duponol reagent. 
(10) Add 3.0 ml distilled water, and mix by inverting tube. 
(11) After 10 minutes, read in colorimeter at 630-640 A. 


The final blue color remains stable for up to forty minutes. The colorimeter 
is zeroed so that the blank (‘‘0’’ mg%) standard reads 100% transmission 
(zero optical density). A calibration curve (Fig. 1) is constructed from the 
optical density data of the standard solutions, and the glucose concentrations 
of the unknown blood samples are read directly from this curve. 


Discussion 


Our method has proved satisfactory in over a thousand analyses of normal 
and hyperglycemic blood from several hundred fish of two species. These 
determinations covered a range of glucose concentrations between 15 and 250 
mg%. Approximately two hundred duplicate analyses had an average 
deviation of 3 mg% (maximum deviation = 15 mg%; minimum = 0 mg%). 
The results are of the same order of magnitude as those obtained by other 
methods (7, 8, 9, 10), but are much more reproducible. 

The chief difficulty with other methods arose from inadequate precipitation 
of blood proteins. The cardinal importance of this factor in fish blood is 
indicated by the report of Simpson (1) suggesting a “‘protein—sugar ‘compound’ 
or polysaccharide’’ and by the presence of non-glucose reducing substances 
(11). The available mammalian methods provided neither adequate pre- 
cipitation nor satisfactory reproducibility, probably due to the wide differences, 
especially in structure and distribution of proteins, between the blood of fish 
and mammals. 

The deproteinization procedure finally selected departs from the basic 
Folin method by the use of a blood: acid ratio of 1:100 rather than 1:10. It 
has been reported that tungstic acid precipitation results in values about 20% - 
higher than those from parallel yeast fermentation studies, with no significant 
change in the error in either hypo- or hyper-glycemia (11). Despite this con- 
stant error a reproducible method is satisfactory for the relative values 
important in the study of experimental diabetes and carbohydrate metabolism. 

The substitution of sodium lauryl sulphate (‘‘Duponol’’), as suggested by 
Horvath and Knehr (12), has eliminated errors due to foreign reducing 
substances in gum ghatti, as used by Folin and others. A calibration curve 
prepared with each set of unknowns avoids dependence on exact repro- 
ducibility of conditions in consecutive analyses. The interference of unreduced 
(yellow) ferricyanide in the measurement of the Prussian blue suspension has 
been minimized by adjusting the ferricyanide concentration so that only a 
slight excess remains for the final stage of the analysis. 

As the normal blood glucose values for fish are of the order of 60 mg% 
(1, 3, 4, 6), an upper limit of 250 mg% is adequate for diagnosis of hypergly- 


cemia. For other poikilotherms, slight modifications of the method may be 
needed. 
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The following approaches have proved useful in making such changes. 

(1) Increase dilution factor for more efficient deproteinization. 

(2) Extend range by reducing aliquot of supernatant, with compensating 
adjustment of buffer. 

(3) Adjust concentration of ferricyanide to leave only a slight excess of 
unreduced iron. 

(4) To a limited extent, extend range by dilution of the Prussian blue — 
Duponol suspension. However, deviations from the Beer—Lambert law will 
result from excessive dilution. 
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THE BIOSYNTHESIS FROM ACETATE-1-C" OF FATTY ACIDS 
AND CHOLESTEROL IN FORMED BLOOD ELEMENTS! 


V. J. O’DoNNELL,? P. OTTOLENGHI,’ A. MALKIN,‘ O. F. DENSTEDT, 
AND R. D. H. HEARD 


Abstract 


The biogenesis, in vitro, of cholesterol and fatty acids from acetate-1-C™ in the 
cellular elements of blood has been studied. From the results obtained it is 
apparent that whereas the normocytes (nucleated) from the chicken and from 
the mammal (nonnucleated) are devoid of the capacity to synthesize cholesterol 
and fatty acids, the reticulocytes and the normoblasts from the rabbit, with an 
experimentally produced reticulocytosis, possess the ability to synthesize these 
lipids. Studies on the leucocytes from normal mammalian blood and thymus 
tissue showed little or no activity. On the other hand, the leucocytes from the 
thymus tissue and blood of chickens and from the blood of a patient with chronic 
myelocytic leukemia and from another with monocytic leukemia (Naegeli type) 
were capable of utilizing C'*-acetate for the synthesis of lipids. The leucocytes 
from patients with chronic lymphatic leukemia were found to be devoid of this 


activity. 

The literature of the past 15 years contains confusing evidence as to whether 
the mammalian normocyte (mature erythrocyte) can synthesize cholesterol. 

In 1951, Muir, Perrone, and Popjak (1) administered acetate-1-C™ to 
rabbits by intravenous injection and showed that the cholesterol of the 
erythrocyte membrane undergoes ‘turnover’ with an apparent half-life of 
12-14 days. They suggested that the ‘“‘cholesterol may be regenerated by a 
synthetic mechanism or by exchange with plasma cholesterol”. London and 
Schwarz (2) tried to ascertain the origin of the blood cholesterol by admin- 
istering heavy water to two patients. On analysis of the blood they found 
an equal distribution of the isotope between the cholesterol of the red cells 
and that of the plasma. They were unable to obtain evidence of incorporation 
of C™ into the red-cell cholesterol, in vitro, on incubation of the cells with . 
acetate-1-C™ for 25 hours. They concluded, therefore, that the cholesterol 
turnover in the red-cell membrane, as observed by Muir e¢ al. (1), must have 
arisen from uptake of labelled cholesterol from the plasma. 


Altman (3), on the other hand, incubated blood from the mouse, dog, and 
human in a medium containing acetate-2-C™ and obtained evidence of incor- 
poration of radioactive material in the stroma of the red cells in all cases. 
Altman and Swisher (4) reported further that the capacity of the stroma to 
incorporate acetate becomes progressively diminished during storage of blood 
in the cold. Findings to the contrary have been reported by Hellman, 


1Manuscript received May 20, 1958. 
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_ ‘The normocytes were hemolyzed by freezing in an alcohol — dry ice mixture, then thawing 
in a water bath maintained at 37°C. The procedure was repeated twice. 


Can. J. Biochem. Physiol. 36 (1958) 








1126 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


Rosenfeld, and Gallagher (5), who administered acetate-2-C™ to six indivi- 
duals with malignant disease. These workers obtained no evidence of incor- 
poration of the isotope in the red cells, and their findings suggested that the 
principal source of the plasma cholesterol is the liver. 

Schwenk et al. (6) obtained evidence of incorporation, in vitro, of C'-acetate 
into the digitonin-precipitable material from the blood of man, the pig, and 
the rat. The radioactivity in the precipitate, however, was very low and was 
still lower in the cholesterol isolated from the digitonide and purified through 
formation of the dibromide. 

In all the afore-mentioned studies in which evidence of the incorporation 
of labelled acetate into the cholesterol of the blood was obtained, there appears 
to be no proof that the sterol was synthesized by the erythrocytes. It is 
noteworthy, furthermore, that in all of the studies performed, in vitro, no 
precaution was taken to remove the leucocytes from the preparations. 

The study reported herein concerns the capacity of cells of the erythrocytic 
and leucocytic series in various states of maturation and differentiation, to 
utilize acetate-1-C™ for the synthesis of cholesterol. The study has shown 
that the cellular elements of the blood during the early stages of development 
contain the enzyme systems essential for the total synthesis of fatty acids 
and cholesterol, but lose the biosynthetic capacity in the course of maturation. 


Experimental 
Reagents 
Sodium Acetate-1-C™ 
CH;C“OONa.3H,0O (Radiochemical Centre, Amersham, England) was 
employed at a specific activity of 475,000 (counts/min mg). 


Methods 

Carbon" Analyses 

The determination of radioactivity was done with a windowless gas flow 
counter (Nuclear Instruments) operating at an efficiency of about 50%. 
Samples which were plated on copper disks from an ethanolic solution were 
considered as ‘“‘infinitely thin’’ if they contained less than 50 wg/cm?. If the 
samples (plates) contained more than this quantity of the material the 
radioactivity was estimated by the differential method of Heard et al. (11). 


General Procedures 

Preparations 

The preparations were blood cells from the chicken, rabbit, or man. In 
some experiments mixed cells were used and in others cells of essentially one 
kind. The cells were incubated with tracer acetate either in plasma or an 
artificial medium. In the 21 trials set out in Tables I-IV the conditions 
were varied especially with regard to the nature of the medium as described 
in a later section. 
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Cell Counts 


Erythrocyte counts were estimated by the usual method in the bright line 
hemocytometer with Hayem’s fluid. Reticulocyte counts were determined 
by the “dry” method (12) with brilliant cresyl blue, and the total leucocyte 
counts, with gentian violet. With chicken blood it was necessary to estimate 
the ratio of leucocytes to erythrocytes in a dry smear, stained with Wright’s 
stain, as well as the total cell count, since the nucleated erythrocytes also take 
up gentian violet. Differential counts of the leucocytes were done on smears 
stained with Wright’s stain. 


Incubations 


Blood samples were collected in heparin, centrifuged at 4° C, and the plasma 
with the “‘buffy layer’’ of leucocytes was removed. Siliconed glassware was 
used to prevent clumping of the leucocytes. Incubations were carried out 
at 37° C with continuous agitation for 2 or 3 hours in an atmosphere of air or 
95% oxygen — 5% carbon dioxide. The reaction was arrested by the addition 
of 95% ethanol. 


. Extraction and Fractionation of Lipids 


Each incubation mixture was extracted four times with 95% ethanol: 
ether (3:1) by boiling for 5 minutes followed by filtration. The total volume 
of the ethanol—ether solution used was at least 20 times that of the incubation 
mixture. The combined ethanol—ether extracts were distilled almost to 
dryness, and the residue was dissolved in 200 ml of hexane and washed with 
water (3 X 1/10) volume. The combined aqueous phase was then back- 
extracted with hexane (3 X 1/2 volume) and the combined hexane back- 
extracts were washed with water (3 X 1/10 volume). The total hexane 
extracts were dried over anhydrous sodium sulphate, filtered, distilled to 
dryness to yield the total lipid fraction. 


Saponification was accomplished by refluxing (6 hours) with ethanolic 
(80%) potassium hydroxide (10%) solution (10 ml/g lipid). The cooled 
saponification mixture was diluted with water (100 ml) and extracted with 
ether (6 X 1/2 volume). The combined ether extracts were washed with 
water (4 X 1/10 volume) and the combined aqueous phase was back-extracted 
with ether (3 X 1/2 volume). The combined ether back-extracts were then 
washed with water (4 X 1/10 volume). The total ether extracts were dried 
over anhydrous sodium sulphate, filtered, and distilled to dryness to yield the 
nonsaponifiable fraction. 


The aqueous alkaline phase and the water washings of the nonsaponifiable 
fraction were combined, acidified to pH 1 (dilute hydrochloric acid), extracted 
with ether (6 X 50 ml), and the combined ether extract was washed with 
water (4 X 1/10 volume). The combined aqueous phase was back-extracted 
with ether (4 X 1/2 volume) and the combined ether back-extract was washed 
with water (4 X 1/10 volume). The total ether extract was dried over 
anhydrous sodium sulphate, filtered, and distilled to dryness to yield the fatty 
acid fraction. 
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Isolation of Cholesterol 

Cholesterol was obtained from the nonsaponifiable fraction either by 
absorption chromatography (elution from alumina with mixtures of benzene— 
ether), or through the digitonide. In the latter procedure, digitonin (1%) in 
aqueous ethanol (80%) was added; the precipitated digitonide (12-24 hours) 
was twice washed with acetone—-ether (2:1), twice with ether, and dried at 
78° C in vacuo over phosphorus pentoxide. It was then cleaved with pyridine 
(method of Bergmann (7) ). In some instances the isolated cholesterol was 
recrystallized from 95% ethanol. 

Nature of the Preparations for Incubation Studies 

The amount of acetate-1-C™“ etmployed in each experiment and the results 
of radioassay of the total lipid, fatty acid, and nonsaponifiable fractions and of 
cholesterol are given in the tables. The preparations used in the 21 experi- 
ments were as follows and the conditions of the incubations, as previously 
described (see p. 1127). 

1. Normocytes (chicken).—Normocytes (about 20 ml) obtained from 40 ml 
of blood were suspended in 20 ml of calcium-free Krebs-Ringer phosphate 
buffer, pH 7.4, containing 100 mg% of glucose. 

2. Normocytes (chicken).—Normocytes (20 ml) were incubated in an equal 
volume of the blood plasma. 

3. Normocytes (chicken) —Hemolyzed* normocytes (20 ml) were incubated 
with an equal volume of the blood plasma. Nicotinamide (0.01 M), DPN 
(0.001 M), and ATP (0.02 M), in small volumes of solution, were added as 
cofactors. The molarities represent the final concentrations. 

4. Normocytes (human).—Normocytes (17 ml) from a male subject were 
suspended in an equal volume of the blood plasma. The leucocyte con- 
centration in the incubation mixture was approximately 800 per wl. 

5. Normocytes (rabbit) —Normocytes (10 ml) were suspended in an equal 
volume of the blood plasma. The incubation mixture contained less than 
500 leucocytes per wl. 

6. Reticulocytes (rabbit).—Reticulocytosis was induced in the rabbit by 
subcutaneous administration of a solution of acetylphenylhydrazine (2.5%) 
in 50% aqueous ethanol daily for 6 days. A 94% reticulocytosis was obtained 
with a normoblast count of 12,000 per ul, and leucocyte count of 6000 per wl. 
The blood sample was withdrawn about 24 hours after the final injection. 
The packed blood cells (19 ml) were suspended in an equal volume of the 
blood plasma for incubation. 

7. Reticulocytes (rabbit) —Packed blood cells (27 ml) containing 46% 
reticulocytes were suspended in an equal volume of the blood plasma for 
incubation. The preparation contained about 3500 leucocytes per ul with 
very few normoblasts. 

8. Leucocytes (chicken).—The buffy layer from 900 ml of blood was washed 
four times with calcium-free Krebs-Ringer phosphate buffer at pH 7.4. 
The packed washed cells (10 ml) were suspended in an equal volume of blood 
plasma for incubation. The preparation contained 1,700,000 erythrocytes 
per wl and 210,000 leucocytes per yl. 
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9. Leucocytes (chicken).—The buffy layer from 1 liter of blood was suspended 
in blood plasma to give a volume of 31 ml for incubation. The mixture 
contained 1,200,000 erythrocytes per ul and 240,000 leucocytes per wl. 

10. Leucocytes (rabbit).—The buffy layer from the blood of two rabbits was 
suspended in 10 ml of plasma for incubation. The leucocyte count was 
48,000 per wl, of which 54% were pseudoeosinophils, 35% lymphocytes, 
9% monocytes, and 2% basophils along with some erythrocytes. 

11. Leucocytes (rabbit).—The buffy layer from a quantity of blood was 
suspended in the plasma to give a volume of 23 ml for incubation. The 
leucocyte level was 34,000 per ul, of which 46% were pseudoeosinophils, 
42% lymphocytes, 10% monocytes, and 2% basophils. The erythrocyte 
count was 3,500,000 per yl. 

12. Leucocytes (man).—The buffy layer from 700 ml of human (normal) 
blood was suspended in plasma. The volume of the incubation mixture was 
60 ml. The erythrocyte concentration was 670,000 per ul and the leucocyte 
level, 22,000 per wl, of which 62% were lymphocytes, 30% neutrophils, 4% 
monocytes, 3% eosinophils, and 1% basophils. 

- 13. Pseudoeosinophils (rabbit)—A preparation of pseudoeosinophils was 

obtained from four rabbits by the intrapleural administration of Hanks’ 

solution (8) (30-50 ml per animal). After an interval of 4 hours, the contents 

of the pleural cavities were withdrawn and the pleura washed with Hanks’ 

solution. The fluid was centrifuged, and the precipitated cells were suspended 
) in 25 ml of the blood plasma for incubation. The final suspension had a 
leucocyte count of 11,000 per yl of which 89% were pseudoeosinophils and the 
remainder mononuclear cells, mainly lymphocytes. The suspension contained 
1,300,000 erythrocytes per ul. 

14. Lymphocytes (rabbit).—The thymus gland from a rabbit was homogen- 
ized in 15 ml of Hanks’ solution for 5 seconds in a Potter-Elvehjem homo- 
genizer. The ‘homogenate’ was filtered through absorbent cotton and the © 
filtrate mixed with blood plasma to give a volume of 38 ml for incubation. 
The final mixture contained 43,000 lymphocytes per wl; none of the other 
types of leucocyte could be detected. 

15. Lymphocytes (rabbit)—The thymus glands from three rabbits were 
treated as in Experiment 14, except that they were homogenized in blood 
plasma. The final incubation mixture contained 50,000 lymphocytes per ul. 

16. Lymphocytes (rabbit).—The thymus gland from a rabbit was treated as 
described in Experiment 14. To half the residue was added 0.7 ml of 0.1 M@ 
MgSO,, then plasma to give a final volume of 12 ml for incubation. The 
lymphocyte count was 55,000 per wl. 

17. Lymphocytes (chicken).—Thymus glands from 22 male 6-week-old 
chickens were homogenized in 0.9% sodium chloride in a Potter-Elvehjem 
homogenizer for 5 seconds. The homogenate was filtered through absorbent 
cotton, centrifuged, and the residue was suspended in 0.9% sodium chloride 
to give a volume of 18 ml for incubation. The lymphocyte count of the 
final mixture was 1,800,000 per yl. 
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18. Monocytes (rabbit).—Monocytosis was induced in three rabbits by the 
method of Beaulieu (13) in which the chloroform-soluble material of a culture 
of Listeria monocytogenes was administered intravenously, and at the same 
time 10 ml of a solution of 20% gum arabic and 10% beef extract (Difco) 
in 0.9% sodium chloride was administered intrapleurally. Seventy-two hours 
later a quantity of a modified Alsever’s solution containing 2000 units of 
streptokinase (Lederle) per 100 ml was injected intrapleurally to obtain a 
suspension of the cells in the cavity. The liquid contents of the pleural 
cavity of the animals were then removed. After centrifugation the residue 
of cells (20 ml) was mixed with an equal volume of the blood plasma for 
incubation. The monocyte count in the final incubation mixture was 28,000 
per wl, and the erythrocyte count, 635,000 per pl. 

19. Lymphocytes (man).—A specimen of blood (20 ml) was obtained from 

a patient with chronic lymphocytic leukemia. The specimen had a leucocyte 
count of 110,000 per yl, of which 80% were lymphocytes and the remainder, 
neutrophils. The sample contained 6,500,000 erythrocytes per wl. No 
reticulocytes could be detected. 
_ 20. Monocytic leukemia (man).—A specimen of blood (25 ml) from a patient 
with monocytic leukemia (Naegeli type) had a leucocyte count of 420,000 
per wl. The differential count showed 0.5% basophils, 1% eosinophils, 
8% neutrophils with one lobe in the nucleus and 13.5% with two lobes, 
33% lymphocytes, 42% monocytes, and 2% myelocytes. The 42% of 
monocytes were made up of 7% blast forms, 14% promonocytes, and the 
remaining 20%, of mature forms. Of the erythrocytes present, 5% were 
normoblasts and 2% were reticulocytes. , 

21. Myeloid leukemia (man).—A specimen of blood (18 ml) from a patient 
with chronic myelocytic leukemia had a leucocyte level of 286,000 per yl, of 
which 36% were neutrophils, 14% promyelocytes, 14% myelocytes, 22% 
metamyelocytes, 4% eosinophils, 6% basophils, 2% monocytes, 1% lym- . 
phocytes, and 1% myeloblasts. Of the erythrocytes 2% were reticulocytes. 


Results and Discussion 


The findings indicated in Table I show that the reticulocytes, in vitro, 
can synthesize lipids including cholesterol from acetate-1-C™. This activity 
is lost in the course of maturation of the cells and is completely lacking in the 
normocyte of the chicken, rabbit, and man. The capacity of the immature 
cells to synthesize protein also is lost during maturation. The reason for this 
loss of synthetic capacity in the mammalian red cell is apparent from the 
observation by Rubinstein et al. (9) that maturation is accompanied by the 
loss of several enzymes from the cytoplasm resulting in the failure of the 
tricarboxylic acid system and the synthetic mechanisms that are coupled 
with it. The mature cell then becomes dependent solely upon the glycolytic 
system for its energy. It is of particular interest that while the chicken 
erythrocyte (nucleated) retains a diminished tricarboxylic acid metabolism 
it loses the capacity to synthesize lipids and proteins. 
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Examination of the white blood cells, as described in experiments 8 to 12, 
revealed that the leucocytes of the chicken can synthesize fatty acids and 
cholesterol from radioacetate. The leucocytes of the rabbit were found to 
have feeble synthetic activity while those of human were inactive. 

Of the various types of leucocyte obtained from the chicken and the rabbit 
as indicated by the results in Table III only the lymphocytes from the thymus 
of the chicken showed an appreciable activity in synthesizing fatty acid and 
cholesterol from acetate. The others—the lymphocytes from rabbit thymus 
and the pseudoeosinophils and monocytes from the pleural cavity of rabbits— 
displayed very feeble, if any, activity. 

As it is not practicable to segregate the various types of leucocyte from 
human blood specimens an effort was made to obtain leucocytes from patients 
with various types of leukemia. The leucocytes from the two cases with 
myeloid type of leukemia showed activity in the incorporation of acetate-1-C™ 
into the lipids comparable with that obtained with the leucocyte preparations 
from the chicken blood. The leucocytes from the third patient with chronic 
lymphatic leukemia did not incorporate the tracer into the cholesterol. 
Although the leucocyte count in the three leukemia specimens was very high, 
the samples from the subjects with myeloid leukemia contained a high pro- 
portion of immature cells. 

It is known that there is a difference in the life span between the leucocytes 
of myeloid and lymphatic origin. According to Ottesen (10) the life span 
of granulocytes of man is less than three weeks; this would appear to indicate 
a fairly rapid turnover of these cells, especially compared with that of lym- 
phocytes, which are said to have a life span of about 180 days. Since the 
maturation of the leucocytes is supposed to take place within a few days, 
it is likely that the lymphocytes in the circulation of patients with chronic 
lymphatic leukemia consist mostly of mature cells. It seems reasonable 
to suppose that in the course of evolution, changes in the morphology and | 
refinements of function have occurred in the blood cells. Thus, in the mammal, 
the erythrocyte loses its nucleus during maturation, while in the red cells of 
reptiles, amphibians, and birds the nucleus is retained. Similarly, there are 
metabolic differences between erythrocytes of various species. It is reason- 
able, therefore, that analogous changes should have taken place also in the 
leucocytes during evolution. This is indeed evident with reference to the 
capacity of the cells to utilize acetate for the synthesis of lipids. Thus 
the mature avian leucocytes possess this capacity, as also do the immature 
mammalian leucocytes (as found in the blood of patients with myeloid 
leukemia referred to in Table IV), whereas the mature leucocytes of the 
mammal appear to have lost the mechanisms necessary for the synthesis 
of cholesterol and other lipids. 

In view of the low cell counts in the experiments with normal mammalian 
leucocytes, there is a possibility that these cells retain a vestige of their 
previous synthetic activity, but, if so, it could not be detected by the radio- 
activity in the samples. At most, such activity would be insignificant com- 
pared with that of avian leucocytes, or of the leucocytes in leukemic blood. 
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ACETATE AND OCTANOATE UTILIZATION BY LIVER AND 
ADIPOSE TISSUE OF CASTRATED AND GONADAL HORMONE- 
TREATED RATS! 


W. F. Perry AND HELEN F. BOWEN 


Abstract 


The incorporation of C™-labelled acetate into fatty acids and cholesterol was 
studied in vitro in castrated and gonadal hormone-treated male and female rats. 
Measurements were also made on the incorporation of C-labelled octanoic acid 
into acetoacetic acid by liver tissue and the incorporation of acetate and octano- 
ate into COs. 


Castration in the male, but not in the female, was followed by an increased 


incorporation of acetate into both liver and adipose tissue fatty acids and into 
liver cholesterol. 

Testosterone treatment led to a decreased incorporation into fatty acids by 
liver tissue in the male, whereas estradiol treatment of the female led to an 
increase in the incorporation of acetate into fatty acids by both liver and adipose 
tissue. Acetate incorporation into cholesterol was unaltered by hormone treat- 
ment in both sexes. The incorporation of octanoic acid into acetoacetic acid by 
liver tissue was decreased in the estradiol-treated female rat but was unaltered in 
the testosterone-treated male rat or by castration in either sex. 


Introduction 


The metabolism of lipids is modified by a number of hormonal factors, 
in particular the secretions of the pancreas, pituitary, and adrenal. There 
is also considerable evidence to implicate the gonadal hormones. In recent 
years there has been increased interest in the role of gonadal hormones in 
lipid metabolism with the demonstration in the human of hypercholesterolemic 
actions of testosterone and the hypocholesterolemic actions of estrogens and 
the possible. application of this to the treatment of atherosclerosis. The 
findings of various investigators as to the precise effects of the sex hormones 
on lipid metabolism have frequently differed. 

Bates, Zomzely, and Mayer (1) reported that ovariectomy had no effect 
on acetate incorporation into the liver and carcass fatty acids of intact rats. © 
Both ovariectomy (2) and estrogen treatment (3), however, have been re- 
ported to depress hepatic cholesterol synthesis. Fillios (4) claimed that 
castration in both sexes led to an increase in serum cholesterol and that, 
on treatment of the castrate animals with their respective sex hormones, 
estradiol led to a hypercholesterolemia and androgen treatment lowered 
the serum cholesterol level. Recently Coleman, Chen, and Alfin-Slater (2) 
have reported experiments which show that, in the rat, castration in either 
sex does not lead to any alteration in the serum cholesterol level but is followed 
by a decreased synthesis of cholesterol by liver slices from both male and 
female castrate. Previously Langdon and Greenberg (5) had concluded 
that the turnover of cholesterol in the castrate male rat was depressed but 
that the ability of liver slices from such animals to synthesize cholesterol 
was unimpaired. 

1Manuscript received June 26, 1958. 


Contribution from the Department of Physiology and Medical Research, University of 
Manitoba, Winnipeg, Canada. 
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It was considered of interest by us to further study the possible effects of 
gonadal hormones on lipid metabolism by observing the effects of castration 
and sex hormone treatment on the incorporation of radioactive acetate 
into fatty acids and cholesterol by slices of liver and adipose tissue and, in 
addition, the effects on the utilization of radioactive octanoic acid by liver 
tissue. 


Methods 


Four-month-old hooded rats of both sexes were used four to six weeks 
after castration. During this postoperative interval they were pair-fed 
with intact control animals of the same age. Four hours before killing, 
both castrates and controls were given 4 g glucose per os. Hormone-treated 
animals were used after 10 days’ treatment with testosterone (5 mg daily) 
in the case of males or estradiol (1 mg daily) in the case of females. Control 
animals for these groups were injected daily with identical amounts of the 
sesame oil vehicle alone. The hormone-injected animals and their controls 
were not given glucose prior to the experiments. The animals were killed 
by decapitation, the liver was quickly removed, and slices were prepared. 
Intestinal mesentery was used as a source of adipose tissue. Liver tissue was 
incubated with a substrate of 2-C™-labelled sodium acetate in studies on 
hepatic lipogenesis and cholesterogenesis and with 1-C"*-labelled octanoate 
in studies on hepatic fatty acid utilization. Adipose tissue was incubated 
with 1-C"*-labelled acetate as a substrate for fatty acid synthesis by this 
tissue. The details of the incubation conditions and isolation and measure- 
ments of the fatty acids and cholesterol have been described previously (6). 


Results 


In Table I are shown the results with tissue slices from the castrate animals. 
Castration in the male led to an increased acetate incorporation into fatty 
acids with both liver and adipose tissue. There was also increased acetate 
incorporation into cholesterol by liver slices. The CO. production by liver 
and adipose tissue was unaffected by castration. Castration in the female 
was followed by no significant difference in the incorporation of acetate into 
fatty acids, cholesterol, or CO, by liver or adipose tissue. As shown in 
Table II, castration in both sexes was without effect on the ability of the liver 
to incorporate the carboxyl-labelled carbon of octanoic acid into acetoacetic 
acid or COs. 

In Table III are set out the results of gonadal hormone treatment. It 
will be seen that in the testosterone-treated male rats a marked decrease 
occurred in the incorporation of acetate into fatty acids by liver tissue. 
Adipose tissue appeared unaffected. Testosterone treatment did not signif- 
icantly change acetate incorporation into cholesterol or CO:. Liver tissue 
from the estradiol-treated female rats incorporated significantly more acetate 
into fatty acids than did the slices from control animals. The specific activity 
of the adipose tissue fatty acids was also significantly increased in the hormone- 
treated females. However, estradiol treatment had no demonstrable effect 











1140 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


on acetate incorporation into cholesterol or CO:. In Table IV are shown 
data on the incorporation of carboxyl-labelled octanoic acid into acetoacetic 
acid and CO, by liver slices of the gonadal hormone-treated rats. It will 
be seen that testosterone was without effect on the utilization of octanoic 
acid, whereas in the estradiol-treated females there was a reduction in the 
incorporation of octanoate carbon into acetoacetic acid by liver tissue com- 
pared with liver slices from untreated female rats. In neither sex did hormone 
treatment alter the amount of octanoate carbon incorporated into CO». 


TABLE II 


INCORPORATION OF OCTANOATE-1-C INTO ACETOACETIC ACID AND CO, BY LIVER SLICES 
FROM INTACT AND CASTRATED MALE AND FEMALE RATS 


Mean values + S.E. 








Acetoacetic acid 











: S.A., CO:, 
% inc./g v/zg c.p.m./mg % inc./g 

Males 
Intact (6) 12.8 1590 28800 9.7 
+3.2 +250 +3500 +1.5 
Castrate (6) 12.7 1560 28500 10.6 
Females +3.0 +315 +2300 +2.0 
Intact (6) 10.3 1190 30000 9.3 
+5.6 +170 +2980 +1.3 
Castrate (6) 11.7 1410 28900 9.6 
+6.0 +340 +2530 +1.2 

Discussion 


From the above experiments it would seem that the gonadal hormones can 
influence lipid metabolism in the rat. The findings have been summarized 
in Table V.. Our results are in agreement with those of Dugal and Saucier 
(7), who reported an increased incorporation of acetate into cholesterol by 
liver in the castrated male rat. 

Whether this effect on both liver fatty acid and cholesterol is due to a 
lack of testosterone or to the action of unantagonized estrogens present 
in the male is not possible to say from the data. If the latter possibility 
is correct, one could anticipate that estradiol treatment would increase 
lipogenesis and castration of the female would decrease it. In our experi- 
ments an increased incorporation of acetate into fatty acid, accompanied 
by a decrease in utilization of fatty acid by liver tissue, as reflected by a 
decrease in octanoate incorporation into acetoacetic acid, was found in the 
estradiol-treated female but no change was noted in incorporation into 
cholesterol. This finding is not in agreement with Coleman ef al. (2), who 
did find a reduction in hepatic cholesterogenesis in vitro in the castrated 
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female rat. However, the finding of no change in acetate incorporation 
into liver fatty acids in the female after castration is in agreement with the 
report of Bates et al. (1) to the effect that ovariectomy was without effect 
on acetate incorporation into liver fatty acid. 


TABLE IV 


INCORPORATION OF OCTANOATE-1-C" INTO ACETOACETIC ACID AND CO: BY LIVER SLICES 
FROM INTACT AND TESTOSTERONE-TREATED MALE AND ESTRADIOL-TREATED FEMALE RATS 


Mean values + S.E. 








Acetoacetic acid 








R CO:, 
% inc./g ¥/z S.A. % inc./g 
Males 
Intact (6) 16.3 1320 33400 11.1 
+1.7 +200 +3000 +2.0 
Testosterone (6) 15.2 1350 29000 12.0 
+2.3 +185 +2100 +2.5 
P value n.s. n.s. ns. | n.s. 
Females 
Intact (4) 19.6 1720 28100 11.9 
+3.2 +285 +3210 +3.2 
Estradiol (4) 11.6 1530 19400 12.4 
+2.1 +285 +2530 +1.3 
P value .05 n.s. -05 n.s. 





TABLE V 


EFFECT OF CASTRATION AND GONADAL HORMONES ON ACETATE AND OCTANOATE UTILIZATION 











Octanoate 

Lipogenesis Cholesterogenesis utilization 

Male : castrate Increased Increased Unchanged 
Female : castrate Unchanged Unchanged Unchanged 

Male + testosterone Decreased Unchanged Unchanged 
Female + estradiol Increased Unchanged Decreased 
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THE EFFECT OF PYRIDOXINE DEFICIENCY ON BLOOD 
UREA IN MICE! 


Joun B. Lyon, JR.,? EUGENE A. ARNOLD, and RITA FARMER 


Abstract 


Blood urea levels were determined in weanling, young, and adult Cs; and I 
strain mice fed vitamin Be-deficient or complete rations. Elevations in blood 
urea were found in some of the deprived groups, but they were transient, and the 
maxima occurred early in the deficiency, at 2 weeks. Although the I strain is 
more susceptible to a Beg deficiency, strain differences were found in only one age 
group. Increases in blood urea were also induced by simple environmental 
changes. It was concluded that elevations in blood urea are not directly related 
to a pyridoxine deficiency in these inbred strains of mice. 


Over the past few years McHenry and his collaborators have reported that 
blood urea is increased in pyridoxine-deficient rats (2,3,4,5,9). Since the 
deficient rats were capable of clearing exogenous urea at the same rate as the 
controls (4), it was possible that the increase in blood urea was not due to 
kidney failure, but to an increased production of urea (6). In one report (4), 
significant increases in blood urea were found after 20 days of deprivation, 
but in the following year, it was reported from the same laboratory that 
blood urea increased only after 5—8 weeks of deprivation (3). A re-examina- 
tion of the effects of pyridoxine deficiency on blood urea levels seemed to be 
worth while, first, to see whether the effects of a pyridoxine deficiency in the 
inbred mouse resembled those reported for the rat, and second, to determine 
whether the pattern of response of blood urea to the deficiency was consistent. 
If a consistent pattern of response could be established, this might serve as 
an index of pyridoxine deficiency. Further, the changes in blood urea, more 
deeply studied, might provide clues to the metabolic failures in pyridoxine 
deficiency, or to the pattern of adjustment to the deficiency. Finally, the 
inbred mouse, which is less variable in its metabolic responses than the rat, 
might be more sensitive to any conditions which were responsible for changes 
in the levels of blood urea. 

This paper reports a study of the effects of pyridoxine ttiteaes on blood 
urea in three age groups of I and Cs; strain mice. Since the I strain is much 
more susceptible to a pyridoxine deficiency than the C;; strain, to the extent 
of being susceptible to seizures within 30 days (10), it was hoped that any 
relation between pyridoxine deficiency and blood urea would be brought 
about more quickly in this strain. Some distinctive patterns of responses 
were seen in both strains of mice, but, as will be shown, they cast doubt on the 
notion that a simple relationship exists between the degree of a pyridoxine 
deficiency and the levels of blood urea. 


1Manuscript received July 7, 1958. 
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Methods 


Male mice of the C;;BL/FnLn and I/FnLn strains of our colony were 
housed individually in screen-bottomed, metal cages in an air-conditioned 
room, and were fed a Be-deficient ration, No. 603, or a complete ration, No. 613, 
which have been described (10). Three age groups were studied: weanling 
mice, initial age, 25 days; young mice, initial age, 42-48 days; and adult 
mice, initial age, about 90 days. Prior to the time that the experimental 
rations were fed, the animals were housed in groups in plastic cages and fed 
a commercial stock ration (Purina Laboratory Chow). 

Blood samples, 25-50 ul, were taken from the tails of non-fasted mice at 
weekly intervals, and at the same time of day, 4.30—-6.00 P.M. The blood 
was deproteinized (12), and aliquots of the filtrates were analyzed for urea 
by a modification of the method outlined by Archibald (1). The Archibald 
method was compared with a urease procedure and similar values were 
obtained. The urea values are expressed as mg of urea nitrogen per 100 ml 
of blood. 


Results 


The results of the experiments are summarized in Figs. 1 to 3, in which 
blood urea is plotted against time. In deficient weanling mice of both strains 
(Fig. 1) no increases in blood urea over the control levels occurred during 
the 6-week period of observation. Because the levels of blood urea of the 
control mice increased gradually with age, they were actually higher than 
those of the deprived mice at 5—6 weeks’ (P <0.01). 

In young and adult mice the picture was quite different. In both strains 
and in both age groups, blood urea increased in the deficient animals, but in 
each case the elevations were transient, and in each case the maximum 


* The values at 5 and 6 weeks were similar, and were averaged, and plotted as the 6th week 
determination. 
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occurred early in the deficiency, at 2 weeks. In young deprived mice (Fig. 2) 
almost identical values were found for the two strains at each time point. 
The increments above the initial levels were small even at 2 weeks, 15-33%, 
but they were significant (P = 0.05 for Cs; mice, and 0.01 for I mice). Signi- 
ficant differences were not found between the levels of the control and deprived 
groups of either strain even at 2 weeks. 

Only in adult mice (Fig. 3) were strain differences demonstrable in deprived 
animals. The blood urea of the I strain was 42-86% greater (P <0.01) than 
that of the C;7 strain in the period from 1-4 weeks. The effects of deprivation 
were not evident in the Cs; strain either in terms of urea (Fig. 3), or body 
weight changes (Fig. 4), whereas the I strain lost an average of 1.5 g during 
the course of the deficiency. 

The increases in blood urea seen in the I strain mouse fed the complete 
ration (Figs. 2 and 3) are puzzling. As in the deprived animals, the elevations 
were transient, and the maxima at 2 weeks were higher (P = 0.01 or less) 
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than the initial levels, or those of control C;; strain mice. In contrast, the 
control values in the three age groups of the C;; strain were consistent from 
week to week and fell within a narrow range. The elevated levels in the I 
strain suggest kidney dysfunction, but a dose of urea (1 mg per g of body 
weight) was cleared just as rapidly from the blood of the I as of the Cs; strain. 

The environmental change involved in transferring mice from plastic 
to metal cages was thought to be a possible stimulus, even though the animal 
room is air-conditioned. To test this without any dietary influences, blood 
urea was measured in six I strain mice, about 90 days of age, housed individ- 
ually in plastic cages and following a fast, from 10 P.M. to 10 A.M. They 
were fed for 3 days, transferred to metal cages, and fasted for the same over- 
night period. The experiment was repeated with the same group after a 
second 3-day feeding period in plastic cages. The fasting blood urea (12 
determinations) of mice housed in plastic cages was 15.6 + 0.73 (S.E.) mg%, 
and that of mice housed in wire cages was significantly higher (P <0.01), 
27.5 + 2.17 (S.E.) mg%. The body weight loss was less, 1.2 + 0.29 (S.E.) 
g, when the mice were fasted in plastic cages. 

In a second experiment, the voluntary food intake was measured for seven 
I strain mice, about 90 days of age, housed individually in plastic cages for 
6 days and fed the stock ration; the average daily intake for the last 3 days 
was 3.5 + 0.12 (S.E.) g. Each mouse was restricted to his own average 
intake for the next 9 days, during which time the mice were transferred from 
plastic to metal cages and back again. The levels of blood urea and the 
body weights are given in Fig. 5A. Within 24 hours the blood urea was 
elevated by 50% simply by transferring the mice to metal cages. The blood 
urea returned to normal levels after 72 hours, but the increase could be induced 
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Fic. 4. Body weights and average daily food intake of adult mice, six aad group, 
fed Be-deficient Yeolid lines) or complete (dashed lines) diets. 
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again after a brief housing period in plastic cages. However, if an additional 
0.5 g of food was supplied, this initial increase in blood urea was suppressed 
(Fig. 5B). If, on the other hand, I strain mice were allowed to eat the stock 
ration ad libitum in the metal cages, the levels of blood urea remained high 
as found before (Figs. 2 and 3). The average values for eight mice after 
3, 4, and 5 days were 42.4 +2.4 (S.E.), 43.8 + 1.6, and 39.2 + 1.8 mg%. 
On the 4th and 5th days the average daily food intake was 4.4 + 0.12 (S.E.) g. 
No changes in levels of blood urea were evident when the complete synthetic 
ration (No. 613) was then fed to this group. 
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Fic. 5. Body weights and blood urea of seven I strain mice fed the stock ration 
and housed for intervals in plastic (open bars) or screen-bottoméd, metal (solid bars) 
cages. The vertical bars represent the standard deviations of the means. The arrows 
indicate when the mice were transferred to new caging conditions. 


Discussion 


To some extent the data presented here confirm the observations made 
on rats, that blood urea is elevated in a pyridoxine deficiency (2,3,4,5,9). 
However, increases were not found in weanling mice (Fig. 1), which are more 
susceptible to a Bs deficiency than older mice (10). Even when a rise in 
blood urea did occur in young and adult mice (Figs. 2 and 3), it was transient. 
This finding was consistent with respect to age and strain, and the time 
point of the maximum increase, 2 weeks, was consistent throughout. 

In view of this evidence, and of the failure to find consistent strain differ- 
ences, increased urea levels cannot be directly related to a pyridoxine deficiency 
in these strains of mice. It seems more likely that elevations in blood urea 
reflect metabolic changes which may be induced by several types of stress. 
The extreme differences found between I stain mice fasted in plastic or in 
metal cages, and the data recorded in Fig. 5 offer support to this notion. 
Moreover, McHenry (11) has reported recently that elevated levels of blood 
urea were found in rats made deficient in other vitamins of the B-complex. 

From our findings (Fig. 5), kidney failure does not offer a reasonable explana- 
tion for the observed effects, especially since changes in blood urea could be 
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induced and reversed over short time periods. No precise explanation is 
available. The relation of food intake to levels of blood urea in the I strain 
strongly suggests a high rate of production of urea due to the failure of 
mechanisms required for an efficient utilization of dietary protein. In the 
case where the food intake was carefully regulated in the I strain (Fig. 5B), 
urea did not increase. In adult deprived mice of this strain, in which the 
highest levels of blood urea were encountered (Fig. 3), the food intake was 
greater than that of control or deficient Cs; strain mice, and yet the I strain 
steadily lost weight (Fig. 4). The elevated levels in young mice of the I 
strain fed the complete ration (Fig. 2) can also be related to a lower efficiency 
of utilization (10). When food was withheld, greater losses in body weight 
occurred when I strain mice were housed in metal cages, with concomitant 
elevations in blood urea. This suggests a higher rate of protein catabolism in 
the mice housed in metal cages. It has been observed that the I strain 
utilize their dietary protein less efficiently for growth than the Cs;, C;H, or 
A strains (7), that they excrete more nitrogen than the larger A strain (8), 
and that they grow more slowly than the C;;, C;H, or A strains when fed a 
90% protein diet (7). We have also observed that I strain mice fed complete 
diets exhibit lower concentrations of pyridoxine in the brain, liver, or kidney 
at 100 than at 60 days of age (10). The unusual elevations in blood urea in I 
strain mice are perhaps related to an unusual pyridoxine metabolism, which 
is prohibiting an efficient utilization of dietary protein. 
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STUDIES ON A LIPOXIDASE SYSTEM FROM SUNFLOWER SEEDS 


AND SEEDLINGS! 


O.ur L. Gamporc?* and SAut ZALIK 


Abstract 


Lipoxidase activity was obtained in enzyme preparations from sunflower 
seeds and seedlings. A partly purified preparation from seedlings was used for 
enzyme kinetic studies. The pH optimum was 6.8 and 100% oxygen was 
required for maximum activity. The Michaelis constant, with potassium linol- 
eate as substrate, was 1.64X10-* M. The reaction products were conjugated 
dienes. Enzyme activity was not affected by various metal and sulphydryl 
inhibitors nor by a-tocopherol, but catechol, a-naphthol, ethanol, and potas- 
sium oleate were inhibitory. Oil from flax, rape, and sunflower seeds reduced 
total oxidation of linoleate by the enzyme. Copper sulphate increased the 
rate and total oxidation of the linoleate—lipoxidase system, but iron, man- 
ganese, magnesium, and calcium were without effect. Lipoxidase activity 
was associated with mitochondrial (15,000 xg), intermediate (25,000 Xg), and 
microsomal (100,000Xg) fractions, as well as with the soluble cytoplasmic 
proteins. Lipoxidase activity in seedlings increased during initial stages of 
germination, then decreased. The most rapid depletion of total fat in the 
seedlings coincided with maximum lipoxidase activity. 


Introduction 


Lipoxidase is the only enzyme which has been shown to catalyze the 
oxidation of polyunsaturated fatty acids in plants. Its presence in soybeans 
and seeds of other species of the Leguminosae is well known (7, 16). Franke 
and Frehse (7, 8) also showed that the enzyme is present in cereals, but like 
Strain (16), they did not find any evidence for lipoxidase in seeds of sunflower 
and of several other oil-rich seeds. 

Holman (11) made a comparative study of lipoxidase activity and fat 
composition in germinating soybean seeds. A similar study has not been 
reported for species claimed to be lipoxidase-negative, although Franke and 
Frehse (8) observed that seedlings of such species contain an active lipoxidase. 

From a comparative biochemical standpoint and as an aid in elucidating 
its role in vivo, it would be of importance to know if lipoxidase, like saturated 
fatty acid oxidases in liver tissue, is confined to a specific locale within the cell. 
The work by Mapson and Moustafa (13), and by Fritz and Beevers (9), 
suggests that lipoxidase is limited to the soluble portion of the cytoplasm. 
However, Goodwin and Waygood (10) demonstrated the association of 
lipoxidase activity with a mitochondrial, as well as with the supernatant, 
fraction of a barley seedling homogenate. 

This paper presents evidence of an active lipoxidase in sunflower seeds, and 
reports studies on: (a) the kinetics of a partly purified lipoxidase from sun- 
flower seedlings, (b) the relative lipoxidase activity in seedlings during the 
early stages of germination, and (c) the distribution and association of the 
enzyme with various cell fractions. 
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Materials and Methods 
Enzyme Preparation 

Seeds 

A mixture of several varieties of sunflower seeds was finely ground and 
packed in a 3.5-cm burette supplied with a cotton wool plug at the bottom. 
Diethyl ether was then allowed to percolate down through the meal until all 
apparent ether-soluble material had been removed. Extraction and evapora- 
tion of ether from the extracted meal and oil were carried out at 20°-25° C, 
and the defatted meal as well as the oil was stored at 2°C until used. The 
enzyme extract was prepared by grinding 6 g of the defatted meal in a mortar 
with 30 ml 0.01 M potassium phosphate buffer, pH 7.5, at 0°C. After 
30 minutes’ extraction, the slurry was centrifuged for 15 minutes at 20,000 Xg, 
and the clear, yellow-brown supernatant, which had a nitrogen content of 
3.0 to 3.5 mg nitrogen per ml, was used immediately for the enzyme assay. 

Seedlings 

The seedlings were obtained by germinating seeds of Advance Hybrid 
in moist vermiculite in a constant temperature chamber at 24°C. In the 
study of relative lipoxidase activity during germination, the seedlings of the 
different ages were washed and homogenized in 0.1 M phosphate buffer, 
pH 7.5, at 0°-2°C in a Servall Omnimixer at half maximum speed. The 
homogenate was filtered through gauze and centrifuged for 15 minutes 
at 20,000Xg. The clear, yellow supernatant containing from 0.4 to 1.3 mg 
nitrogen per ml was used as the source of the enzyme. 

To determine the lipoxidase activity associated with various cell fractions 
the homogenate was prepared by grinding 3- to 4-day-old seedlings (seed coats 
removed) in a grinding solution consisting of 0.44 M sucrose and 0.1 M 
phosphate buffer, pH 7.5. The fractionation procedure which was carried 
out at 0°-4° C is outlined below. 

Seedlings (75 g) ground in 150 ml sucrose-buffer (see text) filtered through gauze 


Homogenate 


600 Xg 
5 minutes 


Crude homogenate* + sediment (starch and cell debris) 
discarded 

15,000 Xg 

15 minutes 


| 
Supernatant + brown sediment (mitochondria*) 
suspended in 20 ml 
25,000 < g sucrose—buffer 
60 minutes 


Supernatant + gray-brown sediment (intermediate*) 
suspended in 15 ml 

100,000 X g sucrose—buffer 

60 minutes 





Supernatant* + yellow-brown sediment (microsomes*) 
suspended in 15 ml 
sucrose—buffer 

*Denotes fractions used. 
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A Servall angle centrifuge, Type SS-1, was used to obtain relative centrifugal 
forces below 25,000Xg. For sedimentation of the microsomal fraction a 
Spinco ultracentrifuge, Model E (rotor K) was employed. 

The sunflower seedling lipoxidase was partially purified by preparing 
acetone-dried powders. Two hundred milliliters crude homogenate was 
added, with vigorous stirring, to 2 liters of acetone at —20°C. The mixture 
was adjusted to pH 4.5-5.0, filtered on a Biichner funnel, and the residue 
washed three times with acetone. Suction was continued in a stream of 
nitrogen until the acetone had been removed. The light-tan powder was 
kept in a desiccator at —20° C. 

Enzyme extracts were prepared by suspending the acetone-dried powder in 
a mixture of neutralized 1% deoxycholate and 2X10-? M potassium bicar- 
bonate (2:1), or in 5X10-? M phosphate buffer, pH 7.5. The suspension was 
homogenized gently in a glass homogenizer. The homogenate was centrifuged 
at 20,000 Xg for 15 minutes, and the supernatant was used as the enzyme 
source for most of the kinetic studies. 

The enzyme preparation was purified further with ammonium sulphate. 
Two volumes of saturated ammonium sulphate solution were added to the 
clear supernatant obtained by deoxycholate extraction. The precipitate was 
dissolved in 5X10-? M potassium phosphate buffer, pH 7.5, and dialyzed 
against 600 volumes of distilled demineralized water for 24 hours. The 
dialyzed extract was the source of enzyme for the spectrophotometric studies. 

Analytical Methods 

Total oil and free fatty acids were determined by the methods recommended 
by the American Oil Chemists’ Society (1). Nitrogen was determined by a 
micro-Kjeldahl method. 

Enzyme Activity 

The Warburg apparatus was used in the determination of enzyme activity. 
Normally, the reaction mixture contained potassium linoleate, enzyme 
extract, and phosphate buffer, pH 7.0 or 7.4, in a total volume of 2.1 ml. 
The center well contained 0.1 ml of 20% potassium hydroxide. After 
temperature equilibration, the enzyme or the substrate was added from the 
side arm. The samples were incubated at 20°C for 20 minutes if the gas 
phase was oxygen, and 60 minutes if the reaction was carried out in air. 

Determinations of the products of oxidation were made spectrophoto- 
metrically after oxidation was completed. The reaction mixture contained 
20 micromoles potassium linoleate, 1.3 ml 0.2 M phosphate buffer, and 
0.6 ml of dialyzed enzyme extract. The total volume was 2.0 ml, and the 
pH was 7.0. Immediately after the oxidation was completed, 0.2 ml of the 
reaction mixture was added to 20 ml 60% ethanol and the absorption spectrum 
determined with a Beckman DU spectrophotometer. 

Substrates 

Linoleic and oleic acids were purified preparations obtained from the Fisher 
Scientific Co. Chemically pure ethyl linoleate was a product of the Hormel 


Institute. The acids were neutralized with potassium hydroxide and kept 
at —20°C. 
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Results and Discussion 


The active lipoxidase obtained from sunflower seeds was unstable after 
extraction from the defatted meal. Consequently, a fresh extract was 
prepared for each determination. At low enzyme concentrations a lag period 
of 20 to 40 minutes was required before oxidation occurred. These factors 
may explain why previous workers reported sunflower seeds to be lipoxidase- 
negative. 

Figure 1 shows that addition of the extracted sunflower oil to the reaction 
mixture stimulated the initial rate of oxidation but reduced the total oxidation 
of linoleate. A similar effect was noted with rapeseed and linseed oil. Lotfy 
et al. (12) reported that tocopherol, which occurs in oils of garden cress and 
wild mustard, confers a protective action against autoxidation of linseed oil. 
Sunflower oil does contain small amounts of tocopherol (4), but 5X10-* M 
a-tocopherol had no inhibitory effect on oxidation by sunflower lipoxidase. 
Thus it seems unlikely that tocopherol was responsible for the reduced oxida- 
tion of linoleate in the presence of oil. 

Although linoleic acid comprises 58% of the total fatty acids of sunflower 
oil, the oil was oxidized very slowly by lipoxidase. Emulsifying the oil with 
bile salt did not increase oxidation appreciably. However, linoleic acid, as 
well as the free fatty acids from saponified sunflower oil, was readily oxidized 
by the enzyme. Therefore, it appears that linoleic acid is more readily 
oxidized by lipoxidase as a free fatty acid than as a constituent of glycerides. 


Kinetics of Sunflower Seedling Lipoxidase 

Sunflower lipoxidase oxidized potassium linoleate very rapidly, but ethyl 
linoleate was a poor substrate and potassium oleate was inert. Consequently 
the potassium linoleate was used as substrate in these studies. 

To determine the pH optimum, citrate, phosphate, and borate buffers 
were selected to cover the range pH 3.0 to 9.0. Figure 2 shows that the pH 
optimum was 6.8. This value approximates that reported for most other 
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Fic. 1. The influence of sunflower oil on linoleate oxidation by sunflower seed lipoxi- 
dase. Reaction mixture: 0.14 M phosphate buffer, pH 7.5; enzyme extract (2.5 mg N) 
from sunflower seeds; @, 7.5 X 10-* M potassium linoleate; 0, 7.5 X 10-* M potassium 
linoleate + 0.05 ml sunflower oil; X, 0.05 ml sunflower oil. The reactions were carried 
out in air at 20° C, 

Fic. 2. The effect of pH on linoleate oxidation by sunflower seedling lipoxidase. 
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lipoxidases. Since potassium linoleate is not soluble below pH 9.2, it is 
evident that the pH optimum was not dependent upon substrate solubility 
as reported for soybean lipoxidase. The lack of activity at pH levels above 
9.0 would seem to be due, in part, to denaturation of lipoxidase by the sub- 
strate since lipoxidase activity was not completely destroyed by dialyzing 
the enzyme at pH 9.7. 

Sunflower lipoxidase was not affected appreciably by changes in temperature 
from 5° to 30° C if the gas phase was air (Fig. 3), but oxygen was a limiting 
factor. In an oxygen atmosphere the Qj was 1.25. 

The energy of activation was determined for the reaction in oxygen. The 
obtained value of 3.5 kcal/mole is lower than 4.3 kcal/mole reported for 
soybean lipoxidase by Tappel et al. (19), and indicates that sunflower lipoxidase 
is very active even at low temperatures. 

There was a linear relationship between oxygen concentration and rate of 
linoleate oxidation when the enzyme and substrate were not limiting the 
reaction. Although the total oxidation ought theoretically to be the same 
regardless of the amount of enzyme, it was found that over a limited range of 
enzyme concentrations the total oxidation was proportional to enzyme 
concentration. These results agree in general with those obtained by Franke 
et al. (6), and suggest that in this system the reaction products may act as 
competitive inhibitors, or that linoleate and lipoxidase may form a complex 
which dissociates slowly. Tappel et al. (18) visualize a linoleate—lipoxidase 
complex in which linoleate could function as a coenzyme. 

Substrate concentrations varying from 2.5X10-* M to 2.0X10-? M were 
used in an atmosphere of air and of 100% oxygen. Under optimum conditions, 
the total oxidation of potassium linoleate was 75% to 80% of the theoretical 
maximum (1 M oxygen/M linoleic acid). Using the data obtained with 
oxygen as the gaseous phase the Michaelis constant for sunflower lipoxidase 
was 1.64X10-* M. 
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Fic. 3. The effect of temperature on sunflower lipoxidase activity. Reaction mixture: 
phosphate extracts of the acetone-dried powders (1.0 mg N) incubated with 10-* M 
potassium linoleate in phosphate buffer, pli 7.0; @, in air, O, in oxygen. 

Fic. 4. Absorption spectrum of the products of linoleate oxidation by sunflower 
lipoxidase. For reaction mixture, see text. Absorption by substrate and enzyme alone 
were deducted from the values obtained with complete mixtures. ©, complete mixture 
in oxygen; @, complete in air; X, substrate alone in oxygen. 
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The absorption spectrum of the linoleate—lipoxidase oxidation products is 
shown in Fig. 4. The observed sharp maximum at 234 my suggests that the 
products were primarily conjugated diene hydroperoxides of linoleic acid. 
Absence of an absorption peak at 280 my indicates that there were no measur- 
able carbonyl compounds as observed by Siddiqi and Tappel (14). 

The effects of several enzyme inhibitors on sunflower lipoxidase were tested. 
Azide, cyanide, diethyldithiocarbamate, and ethylene diaminetetraacetate 
at concentrations of 10-* M had no effect, suggesting that a metal ion was 
not required for enzyme activity. lodoacetamide and p-chloromercuri- ; 
benzoate at 10-* M had no influence on enzyme activity. Therefore, unlike 
urd bean lipoxidase (15), sulphydryl groups are probably not essential for 
activity of sunflower lipoxidase. 

It was also found that ethanol (9.0%) depressed the rate of linoleate 
oxidation by 53%, but did not affect the total oxygen uptake. Catechol and 
a-naphthol at 10-? M inhibited the reaction 28% and 100%, respectively, 
but a-tocopherol at 5 10-* M had no influence on the rate of oxygen uptake. 
Likewise Siddiqi and Tappel (15) found that urd bean and peanut lipoxidases 
were unaffected by 3X10-* M a-tocopherol. . 

The presence of 7.5 10-* M potassium oleate reduced the activity by 24%. 
Since potassium oleate alone was not oxidized, the inhibition of lipoxidase 
activity by this compound may be competitive, as shown by Mapson and 
Moustafa (13) for pea lipoxidase. 

The data presented in Table I show that cupric sulphate enhanced the rate 
and the total oxygen uptake during linoleate—lipoxidase oxidation. Iron, 
manganese, magnesium, and calcium were ineffective. Although cyanide 
itself seemed to have no effect on lipoxidase it reduced the stimulatory effect 
of copper. It may also be seen that when the enzyme had previously been 
dialyzed against cyanide, the stimulation by copper was accentuated. Such 
a consistent increase in rate and total activity in the presence of copper has 
not been observed with other lipoxidases. It is known, however, that copper 
greatly accelerates the autoxidation of unsaturated fat and soybean oil 

(5, 17, 20), and that it may catalyze the decomposition of reaction products (2). 


TABLE I 


ACTIVATION OF LINOLEATE-LIPOXIDASE 
OXIDATION BY COPPER 
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Reaction mixture* Rate 











Enzyme + K linoleate (= 100%) 0 0 







Enzyme + K linoleate + CuSO, 20 31 
Enzyme + K linoleate + CuSO, + cyanide 0 17 
Enzyme (dialyzedt) + K linoleate (=100%) 0 0 
Enzyme (dialyzedt) + K linoleate + CuSO, — 45 38 






Enzyme (dialyzedt) + K linoleate + FeCl; 0 0 


















* K linoleate, 10-? M; CuSO,, 5 X 10-* M; FeCl, 5 X 10°* M; phosphate buffer, pH 7.0. The reaction was 
carried out in oxygen at 20° C. 


¢t Enzyme dialyzed in cyanide. 
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Thus, the apparent stimulation of lipoxidase activity by copper may indicate 
that it catalyzed a secondary reaction. Lipoxidase, or some other enzyme 
protein present as an impurity, may have aided the catalytic effect of copper. 


Lipoxidase Activity During Germination of Sunflower Seeds 

Figure 5 shows the relative lipoxidase activity in sunflower seedlings of 
various ages. The activity increased rapidly during the initial stages of 
germination and remained at a high level from the 3rd to the 6th day, then 
decreased gradually. Reports on soybean (11) and barley lipoxidase (7) 
indicate a decrease in activity of these enzymes after the second day of germi- 
nation. However, Fritz and Beevers (9) noted a sharp increase in lipoxidase 
activity in corn seedlings after about two days’ germination, but very low 
activity after 6 days. These differences in relative activity of lipoxidases from 
seedlings of different plant species may be due to differences in germination 
conditions, or in the enzymic complement of the seedlings. 
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AGE OF SEEDLINGS (Days) 
Fic. 5. Relative lipoxidase activity, <; per cent oil, @; and per cent free fatty acids, 

O, in germinating sunflower seeds. Lipoxidase activity (ul O./min) was determined 

using a reaction mixture containing 7.5 X 10~* M potassium linoleate, 0.12 M phosphate 

buffer, pH 7.5, and 1.0 ml enzyme extract, in air at 20° C. 

The decrease in per cent fat and the increase in free fatty acids, after the 
second day, might be explained by a high lipase activity as was observed 
by Wetter (21) in germinating rapeseed. He found that lipase activity 
increased after germination and was maximal from the third to the fifth day. 
The observed high lipoxidase activity accompanying the rapid decrease in 
percentage of fat in germinating sunflower seed, and the apparent slow in 
vitro oxidation of sunflower oil as compared with that of the free fatty acids 
of the oil suggest that, in vivo, lipoxidase activity might be limited by the 
activity of hydrolytic enzymes. 


Lipoxidase Activity of Various Cell Fractions 

The data on lipoxidase activity associated with the various cell fractions of 
sunflower seedlings are presented in Table II. Since the enzyme was associated 
with the particulate fractions as well as with the soluble fraction, an attempt 
was made to determine the degree of association of lipoxidase with the parti- 
culates. Crude homogenate was treated with saturated ammonium sulphate, 
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and the insoluble portion was sedimented and redissolved in dilute buffer. 
After dialysis for 42 hours against distilled, demineralized water, the extract 
was centrifuged. This treatment should have released any soluble enzymes 
which would then be limited to the supernatant portion. However, the 
particulates (sediment) still showed high lipoxidase activity. 


TABLE II 


LINOLEATE OXIDATION BY CELL FRACTIONS OF 
4-DAY-OLD SUNFLOWER SEEDLINGS 











Centrifugation Fraction ul O2/min/mg N 
5 minutes 
600 X g Crude homogenate 41.8 
15 minutes 
15,000 Xg Mitochondria 44.8 
60 minutes 
25,000 X g Intermediate 55.8 
60 minutes 
100,000 X g Microsomes 44.6 


Supernatant 37.4 





Nore: The reaction mixture consisted of 10-2? M potassium linoleate, 0.15 M phosphate buffer, pH 7.5, and 
enzyme. The reaction was carried out in air at 20° C. 
TABLE III 


THE EFFECT OF DEOXYCHOLATE TREATMENT ON LIPOXIDASE ACTIVITY 
OF CELL PARTICULATES FROM SUNFLOWER SEEDLINGS 











Centrifugation Fraction pl O2/min 
60 minutes Sediment 66.5 
25,000 X g 
Deoxycholate-treated sediment 71.0 
60 minutes Supernatant 54.0 
25,000 X g 
Deoxycholate-treated supernatant 74.0 





Note: The reaction was carried out at 20° C in oxygen as gas phase. The reaction mixture consisted of 10-? M 
potassium linoleate, 0.15 M phosphate buffer, pH 7.5, and enzyme. 


Further evidence that lipoxidase was closely associated with the particulates 
was obtained from studies in which the sediment of a crude homogenate 
centrifuged at 25,000 Xg was dispersed in 2% deoxycholate. Deoxycholate 
promotes the solubility of proteins (3), and although approximately 60% of 
the nitrogen was removed by this treatment, the activity of the sediment was 
still very high (Table III). Precipitation and resuspension in acetone at 
—20° C also failed to remove lipoxidase completely from the particulates. 

It would appear from these results that sunflower lipoxidase is associated 
with the cell particulates, that it is not confined to a specific cell fraction, and 
that it is closely linked to the particulate structures. 
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BIOCOLLOIDS IN NORMAL HUMAN URINE 
I, AMOUNT AND ELECTROPHORETIC CHARACTERISTICS! 


T. Wess,? B. Rose, and A. H. SEHON 


Abstract 


The biocolloids of normal urine have been isolated and characterized by free 
electrophoresis and electrophoresis on filter paper. An average of 133 mg of 
material was recovered from 24-hour aliquots of normal urine. This material was 
composed of at least seven components as revealed by free electrophoresis at 
pH 8.6. Five of these components were similar in electrophoretic mobility to the 
five serum components. A relatively large amount of material was present which 
behaved like the acid mucoproteins of normal serum. No lipoproteins were 
detected. Some of the components of the urinary biocolloids were shown to be 
a from human serum ¥-globulins by labelling the latter with radioactive 
1 ine. 

Rigas and Heller (1) and Boyce, Garvey, and Norfleet (2) have reported 
the isolation of biocolloids from normal urine by ultrafiltration. The amount 
of material isolated from 24-hour aliquots of urine ranged from 30-52 mg. 
A previous report from this laboratory (3) described the isolation of the 
biocolloids from normal urine by precipitation with.ethanol. The amount 
of biocolloids recovered from 24-hour aliquots averaged 71 mg. Electro- 
phoretic analysis of the biocolloids present in normal urine revealed the 
presence of components whose mobilities corresponded to those of the five 
electrophoretically distinguishable components of normal serum. The 
globulin-like material predominated. In addition to these five components, 
substances which migrated faster than albumin and a component which 
remained stationary by electrophoresis in veronal buffer (pH 8.6) were present. 
This stationary component was shown to be a polysaccharide material (1). 


Other biocolloids in normal urine are the high molecular weight mucoproteins 
isolated by Tamm and Horsfall (4) and an acid mucopolysaccharide which di 
Ferrante and Rich (5) have identified as chondroitin sulphate. 


The earlier report from this laboratory (3) described several methods for 
the isolation of proteins from dilute solutions and the limitations of these 
methods were pointed out. Recently a simpler and better method has been 
developed (6) and the work reported here deals with the application of this 
method to the isolation of the biocolloids in normal urine and with the electro- 
phoretic characterization of the materials isolated. An attempt to elucidate 
the source of the gamma-globulin-like material of normal urine is also reported. 


1Manuscript received June 25, 1958. 

‘Contribution from the Division of Immunochemistry and Allergy, McGill University 
Clinic, Royal Victoria Hospital, and the Department of Chemistry, McGill University, 
Montreal, Canada. Supported by grants from the Department of Health and Welfare, 
Canada and the Institute of Allergy and Infectious Diseases, National Institutes of Health, 
Bethesda, Md. Weare also indebted to the Charles E. Frosst Co., Montreal, for financial 
assistance. 

*These results are taken from the Ph.D. thesis of T.W., Biochemistry Department, McGill 
biesg' 1958. Present address of T.W. is Service de Chimie Microbienne, Institut 

asteur, Paris. 
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Experimental 


Twenty-four-hour samples of urine from 11 normal male subjects were 
collected and stored, without preservatives, in the cold (2-4°C). The pH 
was adjusted to 6.5 and the formed elements, the cellular debris, the Tamm and 
Horsfall mucoprotein, and the precipitate which almost always formed on 
storage were removed by centrifugation for 30 minutes at 2200 g. The clear 
supernatant was Seitz-filtered into the apparatus and concentrated by perva- 
poration with simultaneous dialysis as described previously (6). The urines 
were concentrated to a volume of 15—20 ml in about 48 hours and were then 
dialyzed for 48 hours against at least two changes of the buffer used for 
electrophoresis. Veronal buffer (pH 8.6, ionic strength 0.1) and acetate 
buffer (pH 4.8, ionic strength 0.1) were used. 


A Spinco model H Tiselius apparatus was used for free electrophoresis. 
The methods of filling the cells, compensation and calculation of electro- 
phoretic mobilities, and relative concentrations of the components have been 
described previously (3,7). The total amount of biocolloid was calculated 
on the basis of the schlieren diagrams of the ascending boundaries. The 
surface area comprised between the refractive index gradient curve and the 
base line was calibrated for different angles of the knife edge by using solutions 
of known concentrations of human serum albumin and human serum ‘-glob- 
ulins as standards. Only the area of that part of the schlieren pattern 
which was separated from the delta anomaly was considered. 

Some of the samples were analyzed by paper electrophoresis by the ‘‘hori- 
zontal strip”’ technique (8), as modified in this laboratory (9). The samples 
employed were brought to a concentration of approximately 3 g% and 12 or 
30 yl were applied to each paper strip, depending on the staining procedure 
used. The larger quantity, 30 ul, was employed for staining with the periodic 
acid — Schiff reagent (10) for the detection of carbohydrate, or with Sudan 
black (11) or oil red O (12) for the detection of lipids. Twelve microliters 
was applied on paper strips to be stained with amidoblack 10B (13). The 
papers were scanned in a Spinco Analytrol unit for the determination of the 
relative percentages of the various protein components. 


In an attempt to establish whether the urinary y-globulins were identical 
with those in the serum, 50 microcuries of I'*!-tagged human serum ‘y-globulins 
(IHS y-G)* were injected intravenously into each of three normal volunteers. 
Urines were collected for the 24-hour period following the injection and were 
concentrated to a volume of 5 ml. Blood samples were taken at the end of 
the 24-hour period from each of the volunteers. In order to determine the 
electrophoretic distribution of the I''-tagged proteins in the sera and urines, 
larger amounts of protein than normally required had to be applied for paper 
electrophoresis. The method used was essentially the same as that used in 
the analytical procedure except that three superimposed sheets of Whatman 
No. 3 paper, 17 cm wide, were employed for each sample. The buffer used 


_ *The ‘y-globulins were obtained from the Connaught Laboratories, Toronto, and were 
iodinated by Dr. J. R. Jamieson of Charles E. Frosst & Co. Ltd., Montreal. 
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was veronal (pH 8.6, ionic strength 0.05). With these modifications 0.4 ml 
of the concentrated urine was applied as a narrow band across the center 
of the papers and separated under identical conditions side by side with 0.2 ml 
of the corresponding serum. At the end of the run, each of the three papers 
was dried and stained with amidoblack and a portion of one of the papers 
was scanned in the Analytrol. The papers were then cut transversely into 
1 cm wide segments. The corresponding segments from each of the three 
papers were rolled together and placed in the bottom of a test tube. The 
relative radioactivity of each segment was determined in a well-type scintilla- 
tion counter. 

In a control experiment, 0.1 ml of the IHS y-globulin was added to 3.0 ml 
of normal serum and to 5.0 ml of normal concentrated urine. These two 
solutions were also separated by paper electrophoresis and the distribution 
of protein and protein-bound radioactivity was determined. 


Results 
Free Electrophoresis 

‘Figure 1 shows a typical schlieren pattern obtained when the urinary 
biocolloids were subjected to free electrophoresis in veronal buffer. The 
biocolloids were partially resolved into seven components. Six of these 
components migrated toward the positive electrode and one, component C, 
remained stationary. Five of the moving components have been designated 
as albumin, a@-, @-, B-, and y-globulins on the basis of the similarity of their 
mobilities to those of the corresponding serum components. The electro- 
phoretic composition of the biocolloids and the total amount of each component 
recovered from the 24-hour aliquots of normal urine are shown in Table I. 
The amount of biocolloids recovered from the 24-hour aliquots averaged 133 
mg and ranged from 90 to 166 mg. The component designated as alb: © .a 
represented, on the average, 23% of the material and its daily excretion 
amounted to 31 mg. 

The electrophoretic mobilities of the various components are compared 
with those of the corresponding serum components in Table II. 

Figure 2 shows the typical schlieren pattern of the ascending boundary 
obtained by free electrophoresis of the urinary biocolloids in acetate buffer 
of pH 4.8. There were three diffuse components present which migrated 
toward the positive electrode. 
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Fic. 1. Electrophoretic pattern of normal urine. 
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TABLE II 


ELECTROPHORETIC MOBILITIES* OF URINARY BIOCOLLOIDS 














Expt. No. Albumin Alpha-1 Alpha-2 Beta Gamma 
1437 6.87 5.09 3.90 3.22 1.97 
1439 6.58 5.33 4.33 3.66 2.21 
1496 6.32 4.84 4.05 2.60 1.87 
1497 6.45 — 4.59 3.40 2.01 
1501 6.41 — — —_ 2.14 
1540 6.47 — 4.31 — 2.31 
1744 6.13 4.95 3.97 3.17 1.96 
1799 6.74 — 3.99 — 2.15 
1914 6.33 — — — 2.13 
1984 6.66 5.33 4.40 3.18 2.04 
1985 6.50 5.25 4.39 3.47 2.01 
Average values 6.50 5.13 4.21 3.24 2.07 
Average for normal seraf 6.73 5.76 4.50 3.54 1.67 
Range for normal serat 6.33-7.13 5.40-6.12 4.22-4.78 3.08-4.00 1.31-2.03 





*All mobilities have been divided by —10-* cm? per sec per volt. 
+These values were determined in this laboratory. 
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Fic. 2. Electrophoretic pattern of normal urine. 








Paper Electrophoresis 

Typical separation obtained by electrophoresis on paper is shown in Fig. 3. 
The separation obtained was qualitatively similar to that obtained by free 
electrophoresis except that the a,-globulins were not separated from the 
a@-globulins. The relative percentages of the various components were: 
prealbumin 1.3, albumin 27.1, a-globulins 39.2, B-globulins 19.0, and ‘y-glob- 
ulins 14.0. 

The a-globulins contained a relatively high concentration of materials 
stainable by the periodic acid — Schiff reagent. The other components, except 
the prealbumin, contained some material stainable by this procedure. Neither 
of the stains used for lipids revealed the presence of these materials in the 
biocolloids of normal urine. 


I*'.Tagged Serum y-Globulins 

The serum gamma globulins used in these experiments were shown by free 
electrophoresis to consist of two components of electrophoretic mobilities 
of —2.16 and —1.51X10-* cm?/volt/sec in veronal buffer at pH 8.6. The 
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distribution of protein-bound I"! in the control experiment corresponded to 
the components designated as 8- and y-globulins (Fig. 4). An almost identical 
distribution of protein-bound I"! was obtained in the serum and urine of each 
of the three volunteers. A typical result obtained is shown in Fig. 5. The 
relative specific activities of the serum and urinary components were roughly 
comparable. 
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Fic. 3. Separation of the urinary biocolloids by paper electrophoresis. The upper 
curve was obtained in the Spinco Analytrol. 
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Fic. 4. Control experiment with I'*'-HS -globulins. Solid lines represent electro- 
phoretic distribution of protein and broken lines represent protein-bound I'*". Curves 
marked S represent serum and curves marked U represent urine. 
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Fic. 5. Solid lines correspond to typical electrophoretic distribution of proteins and 
broken lines correspond to protein-bound I", S refers to the serum and U to the urine 
of one of the volunteers injected with I-HS y-globulins. 


Discussion 


“The results of the electrophoretic analysis of the biocolloids in normal urines 
are in qualitative agreement with those obtained in previous investigations 
(1, 2, 3). The results are expressed quantitatively although the values must 
be considered with caution. The calculation of the total biocolloids rests on 
the assumption that the specific refractive indices of the urinary biocolloids 
are similar to those of the serum albumin and ‘y-globulins used for standardi- 
zation of the procedure. It should be pointed out that the stationary com- 
ponent C has not been considered in the calculation of the total biocolloids 
since the contribution of this component to the area between the base line and 
the refractive index gradient curve of the schlieren diagrams cannot be 
estimated owing to the superposition of the delta anomaly. The contribution 
of the Tamm and Horsfall mucoprotein has also been excluded as this material 
was removed prior to concentrating the urines. Thus the figures expressing 
total biocolloids recovered from 24-hour aliquots are only estimates of a lower 
limit for the total amount being excreted. -Nevertheless, the average value 
of 133 mg obtained in these studies is considerably higher than that obtained 
by ultrafiltration (1, 2) or by precipitation with alcohol (3). 

The electrophoretic resolution of the various components of the urinary 
biocolloids was poor. The measurement of the area under the peaks was, 
therefore, somewhat arbitrary and the values for the percentage composition 
and absolute amount of each component should be regarded with some 
reservation. It is clear, however, that the globulins were present in a higher 
concentration than the albumin. The average percentage composition of 
albumin found in these studies, 23%, is considerably lower than the values of 
36-39 per cent reported previously. This cannot be due to a poorer recovery 
of albumin by this method. The total amount recovered from 24-hour aliquots 
of urine was 31 mg as compared with 15-17 mg recovered by ultrafiltration 
(1, 2). The lower relative amount of albumin reported here is, therefore, 
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considered as proof that the method used in this laboratory for the concen- 
tration of dilute solutions of biocolloids (6) yields a better recovery of the 
globulin components. 

The values for the mobilities of the various components, except for albumin, 
are also subject to considerable experimental error due to the poor resolution 
of the components. Nevertheless the values obtained were of the same order 
of magnitude as those of the corresponding serum components. 

The pH of 4.8 is equal to or below the isoelectric point of most of the com- 
ponents of serum except the acid mucoproteins of the a;- and a:-globulins. 
Substances resembling these mucoproteins have been demonstrated in normal 
urines (2, 14, 15) and probably account for the material which migrated as 
negatively charged particles at this pH. The results of the electrophoretic 
analysis on filter paper also demonstrated the presence of mucoproteins, 
particularly in the alpha globulin fraction. 

The IHS -y-globulins used in these experiments had a relatively wide 
electrophoretic distribution when mixed with serum or urine as determined in 
the control experiments. The electrophoretic distribution of the iodinated 
material appearing in the urine was almost the same in each case as in the 
serum, thus indicating that the iodinated material was not changed, as far 
as electrophoretic mobility was concerned, by its excretion in the urine. The 
fact that the material appearing in the urine had approximately the same 
relative specific activity as the corresponding serum components indicated 
that these urinary components were derived from the serum components. 
The other components of the urine contained no ['* and therefore were not 
derived from the IHS y-globulins. 

Further evidence bearing on the nature of the components of the urinary 
biocolloids is presented in the following paper. 
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BIOCOLLOIDS IN NORMAL HUMAN URINE 
II. PHYSICOCHEMICAL AND IMMUNOCHEMICAL CHARACTERISTICS: 


T. WessB,? B. Rose, AND A. H. SEHON 


Abstract 


The biocolloids of normal urine were separated by electrophoresis on starch 
and compared with similarly prepared fractions of serum by ultracentrifugal, 
free diffusion, and immunochemical techniques. The albumin fraction of urine 
was indistinguishable from the serum component. The urinary ‘2-globulins 
were shown to consist of low molecular weight (10,000) fragments of the normal 
serumcomponents. The other globulins of the urine were antigenically related to 
some of the serum components but appeared to contain lower molecular weight 
materials. Some of the components of normal serum could not be detected in 
the urine and the urine contained at least two components which were not 
present in the serum. 


Except for the electrophoretic characteristics of the urinary biocolloids 
investigated previously (1, 2, 3) and reported in the preceding paper (4) in 
this Journal, very little was known about the nature of the urinary biocolloids 
at the time when this investigation was initiated. Rigas and Heller (1) had 
shown that the albumin and globulin components, separated by free electro- 
phoresis, had solubility characteristics similar to those of the serum albumin 
and globulins. McGarry etal. (3) had demonstrated that the urinary albumin 
contained material which was derived from the serum albumin. While the 
present investigations were in progress, Grant (5) reported results obtained 
by the immuno-electrophoresis of the urinary biocolloids isolated by ultra- 
filtration. These results demonstrated the antigenic similarity between the 
urinary components designated as albumin, a@-, a@:-, B-, and ‘y-globulins 
and the corresponding serum components. In fact, it was shown that the 
urinary biocolloids contained many components which gave reactions of 
antigenic “‘identity’’ with the serum proteins. However, some of the serum 
proteins, particularly the B-lipoproteins did not appear to be present in the 
urine, as was also shown in this laboratory (4). 


In the present report are presented some of the physicochemical and 
immunochemical properties of various fractions of the urinary biocolloids 
separated by electrophoresis on starch and these properties are compared 
with those of the corresponding serum fractions. 


‘Manuscript received June 25, 1958. 
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Montreal, Canada. Supported by grants from the Department of Health and Welfare, 
Canada and the Institute of Allergy and Infectious Diseases, National Institutes of Health, 
Bethesda, Md. We are also indebted to the Charles E. Frosst Co., Montreal, for financial 
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*These results are taken from the Ph.D. thesis of T.W., Biochemistry Department, McGill 


University, 1958. Present address of T.W. is Service de Chimie idtlinen. Institut 
Pasteur, Paris. 
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Experimental 


(a) Preparation of Serum and Urinary Fractions 

Electrophoretically distinct components of normal serum and normal urine 
were prepared by electrophoresis on starch. The method used for starch 
electrophoresis was described previously (6). In the present study this 
method was applied for the separation of the biocolloids contained in 16 
liters of normal urine (concentrated to 20 ml as described in (4) prior to 
starch electrophoresis) and in 60 ml of normal serum. 

The a;-mucoproteins of normal serum were prepared by the methods of 
Weimer et al. (7) and further purified by electrophoresis on starch. 


(6) Physicochemical Studies 

The fractions isolated from serum and urine were characterized by electro- 
phoresis in veronal buffer at pH 8.6. 

A Spinco model E optical ultracentrifuge was used for determining the 
sedimentation rates of the fractions isolated. The.temperature was main- 
tained at 20.0 + 0.1°C. The solvents used for the various fractions were: 
acetate buffer (0.15 M KCl, 0.01 M potassium acetate, 0.01 M acetic acid, 
pH 4.6,) for the serum and urinary albumin; phosphate buffer (0.15 M 
NaCl, 0.1 M phosphate pH 6.9,) for the serum and urinary ‘:2-globulins; 
and 0.9% NaCl for the a:-, @-, and B-globulin fractions of serum and urine. 
Standard 4° sector cells were used except for the urinary Y2-globulins which 
required the use of a synthetic boundary cell. 

Free diffusion experiments were done in a Spinco model H apparatus at a 
temperature of 20.00 + 0.02°C. Diffusion coefficients were determined for 
the urinary albumin, ‘72-globulins, and the serum albumin. The buffers 
used were the same as those used for the ultracentrifugal analysis of these 
fractions. The boundaries were sharpened by syphoning as described by 
Kahn and Polson (8). The Rayleigh fringe pattern was recorded every 4 
hours beginning 18 hours after the boundary had been sharpened. The 
differential diffusion coefficients, D¢ were calculated by the method described 
by Creeth (9) from measurements, made with a microcomparator, of the 
separation between fringes paired symmetrically about the center of the 
boundary. 

The partial specific volume of the urinary albumin and the densities of the 
KCl and NaCl buffers were determined by pycnometry. The relative 
viscosities of the buffers were determined in a capillary viscometer at 20.0° C. 


(¢) Immunochemical Studies 
. Antisera against whole urine, serum albumin, serum §-globulins, and 
serum ‘2-globulins were prepared in rabbits by the injection of 1 ml of a1% 
solution ef each antigen, three times per week for 3 weeks. The antiserum 
against the serum a@-mucoprotein was prepared by the intramuscular injection 
of the alum-precipitated protein (10). 
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TABLE I 


CROSS REACTIVITY OF SERUM AND URINARY FRACTIONS 








Antigen 





Serum Urine 





Antiserum against: Whole Alb. §-Glob. y2-Glob. Whole Alb. 8-Glob. y2-Glob. 





Serum ++ ++ ++ ++ > ++ ++ 
Urine ++ ++ > T+ Te ++ +> a 
Serum albumin cae +4 - _ oo So oS a die 

Serum #-globulin ar - 4+ abe ili «ta 4+ p 
Serum ‘y-globulin cee _ + ++ oS + ++ 





Note: The reactions were graded as nil (—), weak (+), and strong (++). 


Each of the antisera was tested by ring test with its homologous antigen and 
with the other fractions as shown in Table I. The albumins, B-globulins, 
and ‘2-globulins of both serum and urine were compared for antigenic 
similarity by the double diffusion technique in cuvettes with parallel walls 
as-described by Oudin (11). The antiserum prepared against the urinary 
biocolloids was allowed to react with the urinary biocolloids in a cuvette 
with parallel walls which contained an excess of normal serum. The Oudin 
cells were filled in the manner as shown in Fig. 1. Compartments A and B 
were filled with the antigens in agar, compartment C was filled with an 
appropriate antiserum in agar, and the central compartment (labelled D in 
Fig. 1) contained only agar. 





SSS... 
a 6B CON 





Fic. 1. Typical Oudin cell. Contents of compartments: A and B filled with antigess, 
C filled with appropriate antiserum, and D filled with agar only. 


The antiserum prepared against the a;-mucoprotein was standardized for 
the amount of a,-mucoprotein which gave the first flocculation and precipi- 
tation. Using this standardized antiserum, the amount of a-mucoprotein 
in three normal concentrated urines was found to be 0.08, 0.10, and 0.12 g% 
as compared to a total a:-globulin content of 0.13, 0.21, and 0.18 g%, as 
determined by free electrophoresis (4). 


Results 


Figure 2 represents a typical protein distribution obtained by starch 
electrophoresis of normal serum, and the shaded areas correspond to the 
fractions eluted. The upper diagrams represent the schlieren patterns for 
the corresponding fractions analyzed by free electrophoresis in veronal 
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Fic. 2. The bottom curve represents the serum protein distribution obtained b 
starch electrophoresis. The dotted areas correspond to the fractions which were eluted. 
The upper five diagrams represent the schlieren patterns for the corresponding fraction 
analyzed by free electrophoresis over almost identical periods of time. 
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Fic. 3. The curve represents the distribution of urinary proteins obtained by starch 
electrophoresis. The shaded areas represent the fractions which were eluted. 


buffer of pH 8.6. Each of the three fractions used as antigens (albumin, 
B-, and 2-globulins) gave a single peak with a mobility within the normal 
range found for these substances in whole serum. 

The protein distribution obtained by starch electrophoresis of concentrated 
urine is shown in Fig. 3. The separation obtained was qualitatively similar 
to the resolution obtained by free electrophoresis. The shaded areas re- 
present the portions eluted and designated as urinary albumin, a-, @-, B-, 
and ‘2-globulins. 

Ultracentrifugal analysis of the urinary biocolloids revealed the presence 
of only one peak. This peak was broad and sedimented at the rate of 4.0 
Svedberg units (S). The sedimentation rates of the various components 
isolated by starch electrophoresis are given in Table II. 

The value for the sedimentation constant of the urinary albumin obtained 
by extrapolation to zero concentration and correcting to standard conditions 
of water at 20°C was 4.72 S. The a-globulins in urine split into two com- 
ponents with the slower-moving component (2.3 S) comprising the bulk of 
the material. The serum a--globulins consisted of three components but the 


TABLE II 


SEDIMENTATION COEFFICIENTS* OF SERUM AND URINARY PROTEIN FRACTIONS 











Fraction Serum Urine 
Albumin 4.4 4.4 
@-Globulin 3.0 2.3(75%), 4.0(25%) 
a,-Globulin 7.2(60%), 4.0(25%), 20.0(15%) 2.9 
B-Globulin 5.0 -2.0 
¥2-Globulin 6.2 1.14 





*Sedimentation coefficients are given in Svedberg units. Where more than one component was present the 
sedimentation coefficients are given in order of decreasing percentage composition, the latter being indicated in 
parentheses. 
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fast-sedimenting component (20S) was present in very low concentration. The 
other serum and urinary fractions exhibited single peaks by ultracentrifuga- 
tion although these peaks were all fairly broadly dispersed. 

The values obtained for the differential diffusion coefficients, Dt, and the 
corresponding ¢ are given in Table III. The values. given for the urinary 
‘2-globulins were only estimates since this material was not homogeneous 
and did not give a Gaussian distribution for the concentration within the 
boundary. 


TABLE III 


DIFFUSION COEFFICIENTS OF SERUM AND URINE FRACTIONS 








: Average concentration, C¢, Diffusion coefficient for conc. ¢ 
Fraction in gram per cent divided by 1077 cm?/sec 





Serum albumin 0.355 
0.31 

Urinary albumin 0.44 

Urinary ‘2-globulins 0.135 
0.12 





The partial specific volume of the urinary albumin was found to be 0.74 
cm*/g. A molecular weight of 73,300 was calculated on the basis of this 
value and in conjunction with the sedimentation rate and diffusion coefficient 
determined for a concentration of 0.31 g%.* 


A value of 10,600 was estimated for the molecular weight of the urinary 
¥2-globulins by assuming that the partial specific volume for this material 
was equal to that of the serum y-globulins, i.e. 0.718 cm*/g as determined by 
Pedersen (12). 


The results of the immunologic cross-reactivity tests are given in Table I. 
The urinary components (albumin and B- and 2-globulins) reacted with the 
antisera prepared against the corresponding serum components. In addition, 
cross reactions were shown between the urinary and serum #-globulins and 
the urinary and serum ‘¥2-globulins. 

The serum and urinary albumins gave a single continuous band of pre- 
cipitation when allowed to react in an Oudin cuvette with the antiserum 
prepared against the serum albumin (Fig. 4). The serum B-globulins showed 
five bands of precipitation with their homologous antiserum but only two of 
these bands were formed by the urinary B-globulins (Fig. 5). The serum 
2-globulins formed two bands of precipitation with the homologous antiserum; 
one of these bands was not formed by the urinary Y2-globulins. The urinary 
2-globulins, however, did form two bands with the antiserum ‘2-globulins 
but both of these bands coalesced with only one of the bands formed by the 
serum components (i.e. the lower bands in Fig. 6). 


*In this calculation it was assumed that s/D was not concentration dependent. 
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Fic. 4. Contents of compartments: A=3% serum albumin (1:2), B=1% urinary 
albumin (1:2), C=antiserum albumin (1:3). 


Fic. 5. Contents of compartments: A=3% serum #-globulins (1:2), B=1% urinary 
6 -we (1:2), C=antiserum B-globulins (1:3). 


1G. 6. Contents of compartments: A=2% serum 72-globulins (1:2), B=1% urinary 
¥2globulins (1:2), C=antiserum ‘y2-globulins (1:2). 


1G. 7. Contents of compartments: A=3% conc. urine (1:3), B=whole serum (1:3), 


C =antiurinary biocolloids (1:3). Normal serum was present in a dilution of 1:4 through- 
out the cell. 


The presence of at least two additional specific antigens in the urine were 
revealed when the urinary biocolloids were allowed to react with the homol- 
ogous antiserum in an excess of normal human serum (Fig. 7). 


Discussion 


The urinary albumin fraction prepared in these investigations was indis- 
tinguishable from the serum albumin. The sedimentation rate of the urinary 
albumin, 4.72 S, and the molecular weight of 73,300, do not differ significantly 
from the corresponding values for the serum albumin, i.e., 4.67 S and 72,300 
determined by Pedersen (12). The values for the diffusion coefficients of the 
urinary and serum albumin (5.91 and 5.95 cm? per sec) determined in these 
investigations under nearly identical conditions were also very close to each 
other. The immunochemical comparison of these two fractions showed 
their antigenic “‘identity’’ and confirmed a similar observation made recently 
by Grant (5). It is worth noting that Rowe (13) has recently also shown the 
identity of the urinary albumin of nephrotic individuals with the serum 
albumin of the same individual and with normal serum albumin by immuno- 
chemical technique and from measurements of osmotic pressure. 

The urinary 2-globulins were shown to be antigenically related to the 
serum ¥2-globulins. Scheidegger and Buzzi (14) have recently shown that the 
normal serum ‘y-globulins possess at least four different antigenic groupings 
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and that at least four different types of antibodies are formed against these 
antigens. The type of reaction observed in these experiments with the serum 
and urinary ¥2-globulins can be explained on the basis that the urinary fraction 
contained at least two types.of molecules each of which had only some of the 
antigens present on the normal serum ‘y-globulin molecules. Grant (5) also 
noted this apparently antigenic ‘‘multiplicity” of the urinary y-globulins by 
immunochemical analysis. The results of the present physicochemical 
studies further substantiate this hypothesis. The sedimentation constant 
of the urinary ‘2-globulins, 1.14 S, and the diffusion coefficient 12-14 K 10-7 
cm*/sec, both indicate that the urinary 2-globulins are composed of relatively 
low molecular weight materials. In fact, the molecular weight estimated for 
these materials by assuming a partial specific volume equal to that of the 
serum ‘-globulins was only 10,600. It was shown in the previous paper (4) 
that the urinary y-globulins were derived from the serum ‘y-globulins and it 
would appear from the present study that they are composed of low molecular 
weight material which resembles the normal serum ‘y-globulin molecules in 
electrophoretic mobility and antigenic characteristics. 


The serum @,-globulins contained components of relatively low sedimenta- 
tion rates, 3.0 S, in agreement with the observations of Wallenius ef al. (15). 
The urinary a@-globulins prepared in these investigations contained at least 
two components with sedimentation rates of 2.3S and 4.0S. The faster sedi- 
menting component was probably due to contamination with the urinary 
albumin. The a,-globulin fraction was shown to contain a component which 
migrated as albumin by electrophoresis. The sedimentation rate of the 
slower-moving component, probably a-globulins, was slightly slower than that 
of the serum fraction. A considerable proportion of this material was shown 
to be antigenically related to the a;-mucoproteins of normal serum. 

As shown by Wallenius et al. (15) and in these investigations, the serum 
Q-globulins were not homogeneous by ultracentrifugation. Three com- 
ponents with sedimentation coefficients of 4, 7, and 20 S were demonstrated. 
Although Grant (5) had shown that the urinary a-globulins contained 
components which were antigenically “‘identical’’ with the serum a@-globulins, 
the sedimentation coefficient of the urinary component as determined in 
this study was only 3 S. 

A similar discrepancy existed between the physicochemical results and the 
immunochemical results obtained with the urinary and serum #-globulins. 
The serum f-globulins prepared in these investigations contained a com- 
ponent with a sedimentation rate of 5 S although Wallenius et al. (15) had 
shown that components with sedimentation rates of 7 and 19 S were also 
present. The urinary fraction contained a component with a sedimentation 
coefficient of 2 S although it was shown to contain at least two of the five 
antigenically distinct components démonstrated in normal serum. 

These discrepancies between the results of the physicochemical analyses 
and the immunochemical analysis could be explained if the urinary fractions 
were considered to consist of materials which had the same surface charge 
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density (hence the same electrophoretic mobility) and the same antigenic 
groups (hence antigenic “‘identity’’) as the corresponding serum components. 
These materials appeared to have lower molecular weights than the serum 
components and it is interesting to note that the globulins of nephrotic 
urines also were shown to consist of relatively low molecular weight material 
(13). Whether these low molecular weight globulins represent breakdown 
products or stages in the synthesis of the normal serum components is still 
an open question. 

The urinary biocolloids studied in these investigations contained at least 
two components which were not present in normal serum. Neither of these 
components appeared to have a high sedimentation coefficient as the ultra- 
centrifugal analysis of whole concentrated urine did not reveal any fast- 
sedimenting (>5 S) material. The source of these additional components 
is not known but it might be presumed that they are derived from the urinary 
tract. 
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PREPARATION OF AN ESTRONE-PROTEIN CONJUGATE! 


L. GOODFRIEND AND A. H. SEHON 


Abstract 


A procedure is described for the preparation of an estrone—protein conjugate. 
The 17-amino derivative of estrone was prepared and converted by phosgenation 
to estrone-17-isocyanate. The latter was coupled to rabbit serum albumin. 
Ultraviolet analysis and determination of free amino groups of both albumin 
and estrone—albumin conjugate showed that the latter contained about 25 estrone 
residues per albumin molecule. Electrophoretic analysis provided additional 
~~ that coupling had occurred at the €-amino groups of the lysine residues 
of albumin. 


Introduction 


Autoantibodies to the host’s own organ constituents, such as the lens of 
the eye (1), testis (2), thyroid (3), and protein hormones (4, 5), have been 
demonstrated. A number of workers (6, 7) have also suggested that auto- 
antibodies may be produced to steroids, but to date no definitive evidence 
has been obtained to substantiate this hypothesis. It is conceivable that 
steroids may become conjugated in vivo to high molecular weight constituents. 
They could thus acquire the ability to act as haptenic groups in a manner 
similar to that shown by Landsteiner (8) for other low molecular weight 
compounds. 

Recently, Erlanger, Borek, Beiser, and Lieberman (9) reported their 
methods for coupling testosterone and cortisone to bovine serum albumin. 
These workers found that their steroid—protein conjugates were antigenic 
in rabbits and that the antibodies produced were specific for the corresponding 
conjugates. 

The present study was undertaken in an attempt to produce in rabbits 
antibodies to the estrone residue by immunization with an estrone—protein 
conjugate and to obtain conclusive evidence as to whether autoantibodies to 
estrogenic derivatives are formed in women.* Furthermore, it was hoped 
that with the aid of steroid-specific antibodies, some light might be shed on 
problems such as the origin, mode of transport, and action at the target 
organs of some of the steroid hormones. 


In order to couple estrone molecules by stable covalent bonds to a protein 
molecule, advantage may be taken of either of the two reactive groups of the 
steroid, i.e. the hydroxyl group of ring A or the carbonyl group of ring D. 
Since one cannot decide a priori whether the biological activity of the estrone 
molecule will be retained after coupling at either of these positions and whether 

1Manuscript received in original form December 23, 1957, and, as revised, July 31, 1958. 

Contribution from the Departments of Biochemistry and Chemistry, McGill University, 
Montreal, Quebec. This work was done in the laboratories of the Division of Immuno- 
_ chemistry and Allergy, McGiil University Clinic, Royal Victoria Hospital, Montreal. First 
presented at the American Chemical Society Meeting, San Francisco, U.S.A. (April 1958). 


*We should like to thank Dr. E. McGarry for’drawing our attention to the possibility that 
estrogens may be antigenic in women. 


Can. J. Biochem. Physiol. 36 (1958) 
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the modified estrone. residue. will be haptenic, it was decided to prepare both 
conjugates. Details of the procedure for conjugation of estrone to protein 
through the hydroxyl group were given by King and Franks (10). In this 
paper we describe the synthesis of an estrone—protein conjugate by coupling 
estrone at C-17 to rabbit serum albumin.’ Antibodies to this conjugate were 
produced in rabbits, and detailed results of our immunohistochemical and 
hormonal experiments will be presented later. 


ae EEE 


Methods and Results 


The sequence of reactions employed is outlined in Fig. 1. 
Preparation of the 17-Amino Derivative of Estrone (11) 

For this purpose 500 mg of estrone* oxime (m.p. 230° C), prepared according 
to the method of Butenandt (12), was added to 40 ml of dry n-propanol. 
The solution was heated under reflux in an atmosphere of dry nitrogen and 
2 g of metallic sodium were added, in small pieces, over a 3-hour period. 
After further refluxing for 8 hours, the solution was added to a large volume 
of cold distilled water and the pH was adjusted to about 10.5 with 0.1 N HCI. 
A fine white precipitate (free amine) separated out at once. The mixture 
was refrigerated several hours for maximum precipitation. It was then 
filtered under suction, washed with water, and dried in vacuo. Recrystalliza- 
tion from ethyl acetate gave a white product. Yield, 80%; m.p., 200° C 
(dec.). 

Analysis.{| Theoretical: C, 79.69; H, 9.22; O, 5.90; N, 5.16%. Found: 
C, 79.33; H, 9.26; O, 6.26; N, 4.98%. 

Van Slyke determination of NHz. Theoretical: 5.84%. Found: 5.89%. 


te eee cen 









Preparation of the 17-Isocyanate Derivative of Estrone 
The technique used was a modification of that described by Shriner, Horne, 
and Cox (13). The 17-amino-estrone (200 mg) was dissolved in dry dioxane 
(30 ml) in a three-necked flask. Dry HCl was bubbled through to form the 
*We are indebted to Dr. G. Grant of Ayerst, McKenna, and Harrison A al Montreal, 


for the generous donation of highly purified crystalline estrone (m.p. 255 
{Performed by Geller Laboratories, West Englewood, New Jersey, U.S.A. 
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Fic. 1. Flowsheet for the preparation of estrone—protein conjugate. 
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white, insoluble amine hydrochloride. The temperature was raised to 90° C 
and phosgene was bubbled through under slight negative pressure. After 
the disappearance of the amine hydrochloride (about 30 minutes), phosgenation 
was discontinued and dry nitrogen was bubbled through to displace the excess 
phosgene. The dioxane solution was then evaporated, yielding a slightly 
yellow, amorphous product which was considered to be the isocyanate deri- 
vative of estrone. 


Preparation of Estrone—Glycine Ureide 

Proof of the formation of estrone-17-isocyanate was obtained by preparing 
estrone-glycine ureide. A slight modification of the method used by Fieser 
and Creech (14) for coupling B-anthryl isocyanate to glycine was employed. 
Estrone-17-isocyanate (corresponding to 300 mg of the amine) was dissolved 
in 25 ml of dry dioxane. To this was added dropwise, with stirring, a solution 
of 75 mg of glycine in 3 ml of water brought to pH 8.5 with dilute sodium 
hydroxide. A precipitate formed almost at once. After 4 hours of stirring, 
a large volume of water was added and the pH was adjusted to 8.5. The 
mixture was filtered. The clear filtrate was acidified with dilute HCl to pH 3 
and the resulting precipitate, after filtration, was purified by redissolution in 
alkali, further filtration, and reprecipitation in acid. The product was 
recrystallized from a 50% ethyl alcohol — water solution. M.p. 172-173° C. 

Analysis.* Theoretical: C, 67.49; H, 7.72; O, 17.17; N, 7.62%. Found: 
C, 67.53; H, 7.57; O, 17.50; N, 7.42%. 


Preparation of Estrone—Protein Conjugates 

Conjugation to rabbit serum albuminf was effected by a slight variation 
of the method described by Creech and Jones (15). Four milliliters of dioxane 
and 4 ml of 0.1 M Na,CO;-NaHCO; buffer (pH 10.0) were added to 28 ml 
of an aqueous solution of 0.5 g rabbit serum albumin placed in an ice-water 
bath. To this solution was added dropwise, with stirring, a solution of 
estrone-17-isocyanate (corresponding to 0.12 g of the amine) in 6 ml of dioxane. 
The pH was maintained at 10 by periodic addition of 0.2 N NaOH. The 
resulting suspension was refrigerated and stirring was continued for 18 hours, 
as suggested by Coons and Kaplan (16) for the conjugation of fluorescein 
isocyanate to proteins. The suspension was then dialyzed against running 
tap water for 48 hours and against distilled water for 24 hours, and centrifuged 
to remove all insoluble products. 


The soluble estrone—albumin conjugate was then precipitated by saturation 
with ammonium sulphate at 2° C, redissolved in water, and dialyzed. It was 
centrifuged at 25,000 r.p.m. in a preparative Spinco Model L ultracentrifuge 
to remove any trace of insoluble products. The clear supernatant was 
lyophilized to yield a white, fluffy product. 

*Performed by Schwarzkopf Microanalytical Laboratory, New York, U.S.A. 


tPrepared in this laboratory from pooled rabbit serum by combined alcohol and ammonium 
sulphate precipitation methods. 
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Electrophoretic Analysis 


Evidence for the coupling of estrone-17-isocyanate to the rabbit serum 
albumin was obtained by electrophoretic analysis. Solutions of albumin 
and estrone — rabbit albumin conjugate in 0.1 M phosphate buffer of pH 6.0 
were subjected to electrophoretic analysis in the Tiselius Spinco Model H 
apparatus. Details of the technique used in this laboratory are described 
in reference 17. The electrophoretic patterns are shown in Fig. 2. The 
electrophoretic mobilities were found to be —3.84 and —5.80X10~ cm?/ 
volt/sec for rabbit serum albumin and for the estrone—albumin conjugate, 
respectively. The increased anodic mobility of the conjugate at this pH 
indicates that the coupling reaction led to a reduction in the number of some 
potentially cationic groups. This would correspond to the destruction of 
free amino groups in the coupling reaction. However, a change in mobility 
does not in itself represent direct proof that certain ionogenic groups have been 
destroyed, since for complex polyampholytes, such as proteins, changes in 
electrokinetic properties may result simply through modification of the 
internal structure of the molecules after a change in the dielectric constant 
of the medium. Therefore, to establish that the change in electrophoretic 
mobility was indeed due to a destruction of the free amino groups and was 
not due to their becoming masked through configurational changes of the 
albumin molecule during the coupling reaction, the rabbit serum albumin 
was taken through the same procedure as was described for the preparation 
of the estrone—albumin conjugate, except for the addition of isocyanate. This 
product will be referred to hereafter as “control albumin’’. The electro- 
phoretic mobility of the “‘control albumin” in phosphate buffer at pH 6.0 
was found to be — 3.88 X10 cm?/volt/sec, which is practically identical with 
that of the rabbit serum albumin. Furthermore, the spread of the electro- 
phoretic pattern of the “control albumin” was identical with that of the original 
rabbit serum albumin. This indicates that, in the absence of the isocyanate, 
no change in the electrophoretic properties of the albumin molecule was 
induced under the conditions of coupling. 


--- RABBIT SERUM ALBUMIN (p= 3.84) 
— ESTRONE - ALBUMIN CONJUGATE (y= 5.80) 





{— 





Fic. 2. Tiselius electrophoresis of rabbit serum albumin and the estrone-albumin 
conjugate in phosphate buffer, pH 6.0; corresponding mobilities are —3.84 and. —5.80 
X10-* cm?/volt/sec. 








GOODFRIEND AND SEHON: ESTRONE-PROTEIN CONJUGATE. 


Determination of the Number of Conjugated Estrone Residues* 

The number of estrone residues coupled per molecule of albumin was 
estimated by two independent methods: 

(a) The ninhydrin—spectrophotometric method of analysis for free amino 
groups was used as described by Fraenkel-Conrat (18), and was standardized 
with /-alanine. In all determinations, solutions of 5.0 mg/ml of the estrone— 
albumin conjugates, of the original albumin, and of the ‘control albumin’”’ 
were used. The results obtained for five independent experiments are given 
in Table I. The number of free amino groups of the ‘‘control albumin’’ was 
identical with that of the original rabbit serum albumin, i.e., 49 groups per 
molecule. From the data shown in Table I, it can be concluded that 25 to 
30 estrone residues were coupled to each albumin molecule. 


TABLE I 


NINHYDRIN-SPECTROPHOTOMETRIC DETERMINATION OF NUMBER 
OF ESTRONE RESIDUES COUPLED PER ALBUMIN MOLECULE 








No. of lysine No. of estrone 
Mg of residues per residues per 
amino N/ml albumin moleculet albumin moleculef 





(1) Albumin* conjugate 0.049 49 
0.025 25 


(2) Albumin conjugate 0.049 ° 49 
0.018 18 


(3) Albumin conjugate 0.049 49 
0.019 19 


(4) Albumin conjugate 0.049 49 
0.024 : 24 


(5) Albumin conjugate 0.048 48 
0.023 23 





*Identical values were obtained for both rabbit serum albumin and “‘control albumin’’. 

The number of amino groups per molecule of albumin was derived from the formula: [(mg of amino N) /14]+ 
{(S mg of albumin)/70,000]}. 
pe em by subtracting the number of lysine resid per albumin molecule of the conjugate from that of 
the umin. 





(0) Ultraviolet analyses of the estrone-albumin conjugatet and of the 
“control albumin” t were performed using a DK-2 Beckman spectrophoto- 
meter. The 17-amino-estrone was used as a standard for the calculation 
of the number of estrone residues per molecule of albumin. All solutions 
were prepared in 0.1 N NaOH.{ The ultraviolet spectra are shown in Fig. 3. 
Curves C and B were obtained with solutions of 220 ug/ml of estrone—albumin 
conjugate and 200 pg/ml of ‘control albumin’’, respectively. Curve A 


*The “estrone residue” is defined here as the estrone derivative with the —NHCO— 
grouping attached to C-17 (equivalent weight, 298.4). 

tTo ensure complete removal of any contaminating estrone derivative, the.‘‘control albu- 
min’”’ and the estrone-albumin conjugate were extracted. three times with acetone. 

tProteins:exhibit absorption maxima at about 290 my'in 0.1 N NaOH (19). 
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corresponds to a solution of 20 ug/ml of 17-amino-estrone. All three curves 
exhibit maxima in the region of 293 to 296 my. Curve D (broken line) 
represents a plot of the difference in optical densities of the conjugate and of 
the ‘‘control albumin’”’ in the region of the maxima of curves C and B. 

The number of estrone residues per molecule of albumin was calculated 
on the following assumptions: (a) that the extinction coefficient of the estrone 
residue is identical with that of the 17-amino-estrone; (b) that the extinction 
coefficient of the protein portion of the conjugate is identical with that of 
the uncoupled protein; and (c) that the extinction coefficient of the conjugate 
is an additive property, i.e., it is equal to the sum of the extinction coefficients 
given in (a) and (0). 

The maximum of curve D, at 296 my, practically coincides with the maxi- 
mum of curve A obtained with the standard solution of 20 ug/ml of 17-amino- 
estrone. This concentration is equivalent to 22 ug/ml of estrone residues, 
i.e., 7.4X10-* moles/ml. Therefore, the conjugate contains (220—22) ug/ml, 
i.e., 198 g/ml of albumin. The molecular weight of rabbit serum albumin 
being taken as 70,000, this concentration corresponds to 2.8X10-* moles/ml 
of albumin. Therefore, the number of estrone residues coupled per albumin 
molecule is 7.4X10-*/2.8X10-* ~ 26. This value is in excellent agreement 
with the estimate obtained by the previous method.* 

*Similar absorption curves were obtained for the conjugate of estrone-17-isocyanate with 
human serum albumin, for “control human serum albumin”, and for estrone-glycine ureide, 
which was used as an alternate standard. From calculations similar to those reported here, 
it was concluded that about 20 estrone residues were coupled per molecule of human serum 


albumin, compared with 25 estrone residues as determined by the ninhydrin-spectrophoto- 
metric method. 
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Fic. 3. Ultraviolet spectra in 0.1 N NaOH. A, 17-amino-estrone (20 ug/ml); 
B, rabbit serum albumin “control” (200 yg/ml); C, estrone - rabbit serum me 
conjugate (220 ug/ml); D, difference in optical density of conjugate and protein. 
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Discussion 


The method of preparation of 17-amino-estrone was essentially similar 
to that described in a patent (11) in which it was claimed that this compound 
was a probable intermediate in the preparation of estradiol. However, the 
amine had not been isolated and hence we believe that the results presented 
here constitute the first description of the physical properties of this compound. 

The high solubility of estrone-17-isocyanate in dioxane, in contrast to the 
insolubility of the hydrochloride of 17-amino-estrone, made it a relatively 
simple matter to decide when the phosgenation reaction was completed. 
Disappearance of the insoluble amine hydrochloride during phosgenation was 
taken as the end point of the reaction. In view of the high reactivity of the 
isocyanate and the difficulty of isolating it in a pure form, it was characterized 
by forming the ureide with glycine. 

The evidence for the conjugation of estrone-17-isocyanate with albumin 
was obtained by three independent methods: 

(a) The significantly higher electrophoretic anodic rate of migration of the 
estrone—albumin conjugate, compared with that of the “control albumin”’, 
at pH 6.0 indicates clearly that some potentially cationic groups of the protein 
were destroyed during the conjugation reaction. These are considered to be 
the free amino groups which had reacted with the isocyanate. 

(6) The ninhydrin—-spectrophotometric method for the determination of 
free amino groups was found to be highly reproducible, as can be seen from 
the consistent results (see Table I) obtained with the ‘‘control albumin”’. 
Therefore, the values for the number of estrone residues. (25 to 30) coupled 
per molecule of albumin, as deduced on the basis of this method, may be 
considered reliable. 

(c) The results of ultraviolet analysis are to be regarded as approximate 
only, in view of the assumptions made in the method of calculation. However, 
the close agreement between the number (about 26) of estrone residues per 
albumin molecule obtained by this method and that obtained by the ninhydrin 
method cannot be simply fortuitous. It must be concluded, therefore, that 
estrone residues (about 25 in number) have indeed been coupled to the rabbit 
serum albumin molecule by stable ureide linkages. 
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Note Added in Proof 

Von H. Mooser and R. K. Grilichess reported (Schweiz. Z. allgem. Pathol. 
u. Bakteriol. 4, 374 (1941)) that androstene-diol was coupled to albumin 
and the conjugates were used as antigens in rabbits. However, no antibodies 
were demonstrated to the steroid portion of the antigens. 





THE INCORPORATION OF C-LABELLED FORMATE 
INTO THE TISSUE NUCLEIC ACIDS OF RATS 
BEARING THE NOVIKOFF HEPATOMA! 


S. H. ZBparsky, Arko Hori, AND BARBARA S. FINDLAY 


Abstract 


A study was made of the incorporation in vivo of C'*-labelled formate into 
purines and pyrimidines of the nucleic acids of various tissues of normal rats and 
rats bearing the Novikoff hepatoma. The purines of the intestinal mucosa and 
the hepatoma had the highest specific activities, followed in descending order by 
those of spleen, kidney, testes, and liver. The pyrimidines of the mucosa and 
hepatoma also exhibited comparatively high specific activities. It was felt that 
the incorporation of radioactivity by a given tissue was related to its rate of cell 
renewal and that the present findings did not indicate a difference between tumor 
and normal tissue with respect to mechanisms involved in the biosynthesis of the 
nucleic acids. The results indicated that the tissue nucleic acids of the tumor- 
bearing animals incorporated more radioactivity than did those of normal rats. 
Chemical degradation of the radioactive purines showed that part of the radio- 
activity was derived from the injected C'-formate and part from C“O, formed by 
metabolic oxidation of the formate. 


Introduction 


Skipper and colleagues (1) showed that several compounds which exhibit 
some degree of anticancer activity in experimental animals also inhibit the 
incorporation of formate carbon into nucleic acids in mice. Studies of this 
type have suggested that there may be differences between normal and 
neoplastic tissue with respect to nucleotide and nucleic acid metabolism (2) 
and Bennett and co-workers have undertaken a series of investigations 
(3, 4, 5) to determine whether differences exist which might be used as a 
basis for chemotherapy of cancer. 

In the work described herein a study was made of the incorporation of 
formate-C" into the nucleic acid bases of tissues of rats bearing the Novikoff 
hepatoma, a rapidly growing transplantable tumor which has recently been 
described in detail (6). Formate was used because of its special role in the 
de novo synthesis of the purines (7, 8) although incorporation of radioactivity 
into the pyrimidines was also studied. 

Previously, Payne, Kelly, and White (9) had found a greater incorporation 
of radioactive phosphorus into liver deoxyribonucleic acid (DNA) of mice 
bearing various tumors, compared with non-tumor controls. Payne et al. 
(10) reported that when formate-C™ and glycine-2-C™ were used as pre- 
cursors there was an increased incorporation of radioactivity into the DNA of 
liver and spleen of tumor-bearing mice and it was suggested that the increase 
was due to a greater cell proliferation. Griffin (11) has presented evidence 
that the presence of a transplanted tumor in an experimental animal may 
affect the nucleic acid metabolism of other tissues of the host and has isolated 
from tumor homogenates a DNA-stimulatory factor. Incorporation of 


1Manuscript received June 19, 1958. 


Contribution from the Department of Biochemistry, University of British Columbia, 
Vancouver 8, B.C. 
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radioactivity into tissue nucleic acids of the tumor-bearing rats was compared, 
therefore, with that into tissue nucleic acids of normal rats in order to deter- 
mine whether the presence of the hepatoma in the organism influenced nucleic 
acid metabolism of other tissues. 


Experimental 
Sodium Formate-C™ 
This material was purchased from Atomic Energy of Canada Ltd. 


Measurement of Radioactivity 

In the initial experiments aliquots of radioactive solutions were pipetted 
onto thin aluminum planchets which had been coated with ‘“‘Spraint’’, a clear 
plastic enamel. The solutions on the planchets were evaporated to dryness 
under a heat lamp to give an infinitely thin sample and the radioactivity was 
counted in a windowless gas-flow counter connected to a scaler. This tech- 
nique, however, did not always give good agreement between duplicate 
samples because of the difficulty in confining the solutions within a constant 
area on the planchet. This difficulty was resolved in later experiments by 
first placing on the coated aluminum planchet a smaller disk of lens paper 
to act as a blotter for the radioactive solution. With proper control of the 
heating of the planchets during evaporation of the solution, the lens paper 
disk adhered strongly to the planchet with no tendency to curl. When 
necessary, counts of samples prepared in this manner were corrected for 
absorption by the lens paper by a factor determined from counts of a standard 


solution with and without lens paper. 

In those experiments where radioactivity in expired air was determined, 
the rats given formate-C™ were placed in a metabolism cage which permitted 
collection of the expired carbon dioxide (12). This was counted as “‘infinitely 
thick” samples of barium carbonate, prepared as described by Paterson and 
Zbarsky (13). 


Incorporation Studies 

Male rats of the Sprague-Dawley strain, from the colony at the University 
of British Columbia, were used in all experiments. Tumor-bearing animals 
were prepared by injecting them intraperitoneally with a suspension of cells 
of Novikoff hepatoma. Five days later, each rat was given subcutaneously 
on the back an injection of radioactive sodium formate in aqueous solution. 
Twenty-four hours after the injection of the formate, the animal was anaesthe- 
tized and bled. Normal rats were treated in the same manner. 

The following tissues were removed from each animal: tumor, liver, small 
intestine, spleen, kidney, and testes. The organs were treated separately 
and, with the exception of the small intestine, were frozen immediately 
upon excision by immersion in a dry ice — ethanol mixture. The intestine 
was first cut into 10-cm segments which were flushed with cold saline and 
slit open lengthwise (13). The mucosa was then stripped off with the edge 
of a microscope slide and frozen quickly. The tissues were stored in the 
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frozen state until processed for the separation of the purines and pyrimidines. 
For this purpose, the tissue was homogenized in a Waring blendor, fat was 
removed with alcohol and ether, and the nucleic acids were extracted with 
sodium chloride solution as described by Bendich, Russell, and Brown (14). 
The dried sodium nucleates were treated by the procedure of Tyner, Heidel- 
berger, and LePage (15) to separate ribonucleic acid (RNA) and DNA. The 
ribonucleotides and the DNA were hydrolyzed with perchloric acid, according 
to Marshak and Vogel (16), to yield the free purines and pyrimidines. After 
hydrolysis, excess perchloric acid was neutralized with potassium hydroxide, 
the mixture was cooled, and the precipitate of potassium perchlorate was 
removed by centrifugation. 

The efficiency of the separation of the RNA and DNA was checked by 
paper chromatography of the supernatant solution, using Wyatt’s solvent (17). 
No uracil was detected in the DNA hydrolyzates and thymine was absent 
from the RNA hydrolyzates. 

The purines and pyrimidines in the supernatant solution were separated 
by ion-exchange chromatography on Dowex-50 resin, H+ form, with 1.5 N 
hydrochloric acid as the eluting solution, using an automatic fraction collector. 
The fractions of eluate containing the purines and pyrimidines were located 
by their absorption at 260 my, the fractions containing a given base were 
combined, and the solutions evaporated to dryness. The residue was dis- 
solved in 0.1 N hydrochloric acid and the solution made up to 10 ml. The 
amount of purine or pyrimidine in the solution was determined by ultraviolet 
spectrophotometry and the radioactivity assayed by counting duplicate 
aliquots of the solutions. From these data specific activities were calculated. 


Results 


The results of the analyses carried out on the individual animals are shown 
in Table I. It was necessary in these experiments to use different preparations 
of radioactive sodium formate, which varied in specific activity from 2.57 to 
4.7 X 10° counts per minute per micromole. The total formate administered 
to each rat, however, was approximately constant. For this reason radio- 
activities of the isolated compounds are given in terms of the relative specific 
activities, R.S.A., (see footnote, Table I). 

As was expected, incorporation of radioactivity into the purines of the 
tissue nucleic acids was considerably greater than into the pyrimidines. 
Of the tissues examined, the purines of the intestinal mucosa and hepatoma 
had the highest specific activities. The specific activities of the nucleic acid 
purines of the spleen were somewhat lower, followed in descending order by 
those of kidney, testes, and liver. Similar values were obtained for the latter 
two tissues. Of interest are the comparatively high specific activities of the 
pyrimidines of the mucosa and hepatoma, particularly those of the DNA. In 
all the experiments, thymine exhibited more incorporation of radioactivity 
than did cytosine. From the results obtained it is somewhat difficult to 
decide whether the presence of the hepatoma tissue influenced formate 
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incorporation into the nucleic acids of the other tissues. The experiments 
were carried out on individual animals and considerable variations in specific 
activities of the purines and pyrimidines were noted. If the results are 
averaged, however, it can be observed that the average specific activities of 


TABLE I 


RELATIVE SPECIFIC ACTIVITIES* (X 10‘) OF PURINES AND PYRIMIDINES FROM TISSUES OF 
NORMAL RATS AND RATS BEARING THE NOVIKOFF HEPATOMA 24 HOURS AFTER 
SUBCUTANEOUS INJECTION OF SODIUM-C'-FORMATE 
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the purines obtained from the tissues of the tumor-bearing animals were in 
every case higher than those of the purines from the same tissues from normal 
animals. This finding is in accord with those reported by Payne and colleagues 
(10) for liver DNA and by Griffin (11). The fact that the incorporation of 
formate by the bases of the nucleic acids of the intestinal mucosa was of the 
same order of magnitude as that of the hepatoma tissue indicates that the 
utilization of the precursor may be related to the rate of cell proliferation. 
The Novikoff hepatoma is a rapidly growing tissue (6, 18) and Stevens, 
Daoust, and Leblond (19, 20) have shown that in normal rats the intestinal 
mucosa has an extremely high rate of cell renewal. 

The incorporation of C™ into the pyrimidines, cytosine and uracil, which 
was somewhat higher in the RNA of the tumor and intestinal mucosa than 
in that of the other tissues, indicated a possible utilization of the C“O, derived 
metabolically from the formate. Heinrich and Wilson (21) have shown that 
carbon dioxide is much more efficient than formate as a precursor for pyrimi- 
dines. The radioactivity in the thymine was derived, presumably, largely 
from formate since Totter (22) showed that formate is a precursor of the 
5-methyl group. In the de novo synthesis of the purine ring, both formate 
and carbon dioxide are precursors (7). The C content of the carbon dioxide 
expired by the rats in the present work, as indicated in Table II, showed that 
there was a rapid oxidation of the injected formate. The normal rats tended 
to excrete as CO, a greater portion of the radioactivity than did the tumor- 
bearing animals. This was particularly noticeable during the first hour 
after injection of the formate. The data in Table II suggest that there was a 
significant source of radioactive carbon dioxide in the tissues of the animals 
during the first few hours which could have been utilized for purine and 
pyrimidine biosynthesis. 

To determine whether the radioactivity of the purines was derived from 
both formate and C™“O., degradation studies were carried out on some of the 
samples of isolated adenine and guanine which contained enough total radio- 
activity to provide measurable counts in the degradation products. The 
purines were converted to hypoxanthine or xanthine and then to uric acid 


TABLE II 


PER CENT OF INJECTED RADIOACTIVITY EXCRETED AS CQ, BY RATS GIVEN A SINGLE 
INJECTION OF SODIUM C'-FORMATE SUBCUTANEOUSLY 








Normal rats Hepatoma-bearing rats 
Period of 


collection, hours 2 1 2 3 








0-1 
1-2 
2-3 
3-6 
6-12 
12-24 


Total 
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by the methods described by Drysdale, Plaut, and Lardy (23). After the 
addition of 150 mg of carrier uric acid to the solution of radioactive material, 
the resulting solution was evaporated to a small volume. The solution was 
made alkaline, was centrifuged to remove insoluble material, and uric acid was 
precipitated by acidification. The precipitate was collected by centrifuging, 
dissolved in concentrated sulphuric acid, and reprecipitated by dilution with 
water. Crystallization was repeated until the uric acid reached constant 
specific activity. Portions of each sample of uric acid were then degraded 
chemically by the procedure of Buchanan, Sonne, and Delluva (24) to yield 
carbon 6 of the ring as carbon dioxide, which was collected and counted as 
barium carbonate, and carbons 2 + 8 as urea. The latter was treated with 
urease to give carbon dioxide which was also counted as barium carbonate. 
Carbon 6 is derived metabolically from carbon dioxide and carbons 2 and 8 
from formate. The distribution of radioactivity in some of the isolated 
samples of adenine and guanine is shown in Table III. The results indicate 


TABLE III 


RADIOACTIVITY IN URIC ACID OBTAINED FROM PURINES ISOLATED FROM TISSUE 
NUCLEIC ACIDS OF NORMAL AND HEPATOMA-BEARING RATS 24 HOURS AFTER A 
SINGLE SUBCUTANEOUS INJECTION OF SODIUM C'-FORMATE 








Specific activity (counts/min/mg C) 





Source of purine Purine Carbon 6 Carbon (2 + 8) 





Hepatoma RNA Adenine 280 6440 
Guanine 186 6650 
Hepatoma DNA Adenine 18 45 
Guanine 289 1910 
Intestinal mucosa (normal rat) 
RNA Guanine 3 
DNA Adenine 166 
Guanine 129 
Intestinal mucosa (tumor rat) 128 
RNA Adenine 26 
Normal liver 
DNA Guanine 208 





that the radioactivity in the purines isolated from the tissues of rats receiving 
injections of formate is derived from both formate and carbon dioxide arising 
metabolically from the formate, although the formate appears to be the major 
precursor. Too few degradations were carried out in the present work to 
permit conclusions to be made about the pattern of incorporation in the 
various tissues in normal and tumor-bearing rats. 


Urinary Radioactivity 

The radioactivity present in the urine was determined by counting thin 
samples prepared by evaporation on the aluminum planchets. It appeared 
that 6-10% of the injected radioactivity was excreted in the urine. However, 
evidence from other experiments indicated that these values were too low. 
For example, samples exposed to the air continued to lose radioactivity 
unless the urine was made alkaline (pH 9). The losses were greater when 
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samples were evaporated to dryness under a heat lamp. The volatile radio- 
active material is presumably formic acid, since Friedmann, Nakada, and 
Weinhouse (25) have reported that normal rats excrete in the urine from 28- 
52% of injected formate within 6 hours. 


Discussion 


In the experiments which have been described, radioactivity was incor- 
porated to the greatest extent into the purines. However, the tissue pyrimi- 
dines were also labelled to a significant extent, particularly the thymine of 
intestinal mucosa and spleen and the pyrimidines of both RNA and DNA of 
the hepatoma tissue. In the tumor-bearing rats, the highest incorporation 
of formate carbon was observed in intestinal mucosa and the hepatoma tissue, 
followed closely by spleen. Purines of the kidneys had somewhat lower 
specific activities, while those of the testes and liver had the lowest. The 
same order of relative incorporation was observed in the normal rats. 

These findings differ somewhat from those of Drochmans, Marrian, and 
Brown (26), who found that in rats which had received three daily injections 
of formate-C™, the purines of the kidney RNA had a higher specific activity 
than did those of the spleen. The results are in general agreement, with 
respect to forniate incorporation, with those of Bennett et al. (3). There 
were no marked differences in the degree of labelling in RNA and DNA, 
except for spleen and kidney in which the purines of the RNA were somewhat 
more highly labelled than those of the DNA. 

From the results obtained in a study of this type it cannot be concluded 
that Novikoff hepatoma differs from other tissues in the rat in its ability to 
synthesize purines de novo and to incorporate them into the nucleic acids. 
It is felt, rather, that the incorporation of formate-C" observed for the various 
tissues is related to the rate of cell formation of these tissues. Stevens, 
Daoust, and Leblond (19, 20) have shown that 54% of the cells of the intes- 
tinal mucosa are renewed daily whereas in liver only 0.71% of the cells are 
renewed. In the present work these tissues had the highest and lowest 
incorporation, respectively, of formate-C™ into the nucleic acids. Although 
the rate of cell renewal for the hepatoma tissue has not been determined, it 
grows rapidly and can be considered to have a rapid cell formation. Smellie 
and Davidson (27) have also stated that after administration of various 
labelled precursors to the rabbit, the specific activities of the purines and 
thymine are high in tissues in which cellular proliferation is active and low 
in those in which mitotic activity is low. Brown and Roll (8) have also 
presented considerable evidence to show that the incorporation of a precursor 
into the DNA of a tissue is related to the extent of cell division of that tissue. 
It appears, therefore, that a comparison of nucleic acid biosynthesis from 
percursors of small molecular weight as a means of detecting differences 
between experimental tumors and other tissues of an animal in the hope of 
observing some property peculiar to the tumor involves an extremely complex 
investigation. Factors which must be considered include the rates of cell 
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proliferation of the various tissues, the different rates of utilization of various 
precursors, and differences in turnover rates of cytoplasmic RNA and nuclear 
RNA and DNA (10). 

In the present work some evidence was obtained that the presence of the 
hepatoma in the rat influenced the incorporation of formate carbon into 
the other tissues of the host. The average specific activities of the nucleic 
acid purines of the tissues of the tumor-bearing animals were in every case 
higher than those isolated from the same tissues of normal rats given the same 
amount of C'-formate. At present, however, the number of rats studied is 
too small to permit conclusions with statistical significance. 

Degradation of some of the purines isolated from the nucleic acids has 
shown that part of the radioactivity present was derived from carbon dioxide 
arising from metabolic oxidation of the injected C'-formate. This would 
indicate that some caution should be exercised in interpreting incorporation 
data obtained in experiments with radioactive precursors which undergo 
extensive metabolic oxidation. 
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SODIUM, POTASSIUM, AND LACTIC ACID 
AFTER MUSCULAR EXERCISE IN THE RAT! 


F. A. SRETER AND SYDNEY M. FRIEDMAN 


Abstract 


Untrained young rats were exercised on a treadmill for a standard time at 
different speeds. A linear correlation between the intensity of the exercise 
and the degree of plasma [K] rise was observed. On the other hand, exercise at 
standard speed for varying durations was found to cause an increase in plasma 
[K] only during the early stages of the exercise. A fall in plasma [Na] was a 
constant accompaniment of exercise but no definite correlation to either intensity 
or duration was found. Lactic acid rose only with relatively severe exercise or 
with excitement. Blood sugar did not vary. Old rats responded to even mild 
exercise with a marked [K] shift accompanied by a well-defined rise in lactic acid. 


Introduction 


It is well established that the electrochemical events which follow motor 
nerve stimulation depend primarily on cationic shifts at the muscle membrane. 
A growing body of evidence indicates that the primary source of energy for 
contraction may in fact be derived from such sodium—potassium exchanges 
(6, 8). The expulsion of sodium and reaccumulation of potassium during 
recovery, representing as they do net movements against electrochemical 
gradients, require the expenditure of metabolic energy. 

In vitro experiments with isolated contracting muscles have demonstrated 
a decrease of sodium and an increase of potassium in the medium or perfusion 
fluid (5). In vivo experiments by Grob et al. (7) have recently shown that 
muscular activity in the human forearm is similarly followed by a net move- 
ment of potassium out of the muscles. We also have found that during mus- 
cular effort in the rat there is a net loss of sodium and a gain of potassium in 
the plasma (12). We have suggested that such changes in the medium or in 
plasma represent ‘‘debts’” incurred during the period of activity and must 
eventually limit the ability to do work. The present experiments were 
designed to study more closely the relation between these gross cationic 
changes and muscular work as a prelude to studies of the effects of steroid 
hormones on performance. 


Methods 


Adult male albino rats of an inbred Wistar strain, 6 to 8 months of age 
(young) and 260 to 280 g in weight, were used throughout except as noted in 
experiment 3. Tail vein blood samples, 0.8 ml, were drawn as required 
without anesthesia into heparinized syringes. Samples were taken within 
1 minute and with special care to avoid exciting the animal. Exercise was 
carried out as a run on a 70-cm treadmill with adjustable speed and a counter 

1Manuscript received July 2, 1958. 
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was used to determine the amount of performed work as distance in meters. 
The blood was analyzed for lactic acid by the method of Barker and Summer- 
son (2) using 0.1 ml, and for glucose by the method of Somogyi (11) and 
Nelson (9) using 0.05 ml. Plasma was analyzed for potassium and sodium 
by flame photometry. 


Experimental 


Experiment 1. The Effect of Running Rate on Plasma Na and K and on Blood 
Lactic Acid in Young Rats 

Forty-eight young rats were studied in this experiment. Of these, eight 
served as controls subjected only to the tail vein sampling procedure. The 
remainder were placed on the treadmill for runs at one of four speeds: 16, 20, 
25, and 32 meters/minute for 7 minutes. Some rats did not run willingly, 
but struggled and spastically clutched at the sides of the running cage. The 
procedure was carried out until seven rats were available for comparison of 
each of the four running speeds, and at this time 12 ‘“‘spastics’’ had accumu- 
lated. The findings are presented in Table I. 

As previously described (12), plasma [Na] decreased as a result of exercise 
in all running groups but not in the controls. The effect, as before, was not 
significant in any one group by itself but was highly so in the aggregate. 
The effect was greatest in the group running at the highest speed. but was 
evident also in the “‘spastic’’ group. 

Plasma [K] increased as a result of exercise. The effect was greater as 
speed increased as shown by the highly significant regression coefficient 
(Fig. 1). The effect was greatest in the struggling ‘“‘spastic”’ group. 

Lactic acid did not increase except moderately in the group running at 
the highest speed and markedly in the “‘spastics’’. The hematocrit tended 
to decrease or remain unchanged at the lower running speeds and to increase in 
the fastest group as well as in the ‘‘spastics’’. 


Experiment 2. The Effect of Running Time on Plasma Na and K and on 
Blood Lactic Acid in Young Rats 

Fifty rats were studied in this experiment. These were divided into two 
equal groups. Group 1 ran at the standard speed of 16 meters/minute and 
group 2 at 20 meters/minute. These were the two lowest speeds used in the 
preceding experiment. The duration of the run at either speed was 7, 12, 
16, or 24 minutes. The range was thus from a very mild, easily tolerated 
exercise to a severe exercise. Only rats which actually completed their set 
running task are included in the series. The results are shown in Table II. 

Plasma [Na] decreased as usual but this decrease showed no linearity with 
time. Plasma [K] increased as before but with prolongation of the running 
time did not continue to increase proportionately. On the contrary, the results 
in group 2, running at the higher speed, suggest strongly that, if anything, 
the degree of potassium rise is less the longer the animal runs. This effect is 
shown'in Fig. 2. A small rise in lactic acid was observed in those rats of 
group 2 running for the longest time (24 minutes). 
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Experiment 3. The Effect of Exercise on Plasma Na and K and on Blood 


Lactic Acid in Rats of Different Age Groups 

Sixty rats in three age groups were used in this study. 
of young animals (6-8 months), group 2 of middle-aged animals (12-15 
months), and group 3 of old animals (females over 22 months). Of each group 
of 20 rats, 12 were exercised while 8 served as unexercised controls. The 
standard exercise consisted of a 7-minute run at low speed (20 meters/minute) 
although it was frequently necessary to reduce the speed of the run for the 
old group. In consequence, this latter group received on the whole a rather 
less strenuous workout. Two of the test rats in group 2 refused to run and 


were accordingly discarded. Table III presents the findings. 


Group 1 consisted 
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The usual decrease in plasma [Na] and increase in [K] was observed in all 
the exercised animals but both these effects were rather more marked in the 
older rats. As in the preceding experiments, blood lactic acid did not increase 
with this limited amount of exercise in the young rats. By contrast, there 
was a significant increase in lactic acid in the middle-aged group and a still 
greater increase in the old animals despite the fact that they had not run so 
far. The hematocrit remained unchanged in all groups. 


Experiment 4. The Effect of Exercise on Blood Sugar and Lactic Acid 

This experiment was designed to consider the possibility that the effect of 
exercise on plasma K might reflect enhanced glycolysis in the liver, due 
possibly to epinephrine liberation. Twenty-six young rats divided into three 
groups were used in this experiment. Group 1, consisting of 8 animals, 
served as unexercised control. Group 2, consisting of 8 rats, was exercised 
7 minutes at slow speed and the 10 rats of group 3 at fast speed. The 
findings are presented in Table IV. The expected changes in sodium and 
potassium occurred as usual. As in experiment 1 the rise in potassium was 
greatest in group 3. A small and not significant trend for a rise in blood 
sugar was observed in all groups including the controls. Lactic acid seemed 
to rise slightly (p < 0.05) in group 3 but the terminal value was well within 
the normal resting range. 


Experiment 5. The Effect of ‘‘Spastic’’ Resistance to Running on Plasma Na 
and K and on Blood Lactic Acid 

Data were available in seven young rats for exercise attempted twice: once 
successfully and once with active resistance to the exercise. These parallel 
data are presented in Table V. Clearly, active resistance to exercise, which 
is undoubtedly accompanied by excitement of the animal, results in an 
elevation of plasma [K] which is at least as great and frequently greater than 
that due to exercise itself. On the other hand, while the amount of exercise 
was never sufficient to produce more than an occasional small rise in blood 
lactic acid, active resistance to the exercise was always accompanied by a 
marked increase in this datum, usually with a rise in hematocrit. This analysis 
of data underlines the importance of distinguishing the effects of exercise from 
those of excitement in experiments dealing with work performance. 


Discussion 


In previous work we have shown that during muscular effort in the rat there 
is an increase in potassium and a decrease in sodium concentration in the 
plasma (12). Grob et al. (7) have also recently noted the potassium increase 
in studies of muscular work in the human forearm. These ionic shifts show no 
relation to the rate of accumulation of lactic acid nor is there any parallel 
change in blood glucose which might implicate the liver. These changes are 
similar to those reported by Fenn et al. (5) working in vitro with muscles 
of rats, cats, and frogs. We have suggested that the potassium accumulation 
and sodium deficit in the plasma would occur if there was not time between 








1200 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


successive stimulations of the muscles for full restoration of the gradients. 
Accordingly, the ion changes represent ‘‘debts’”’ incurred during the period of 
exercise. As such, the amount of the “‘debt’’ would be expected to correlate 
with the intensity of the work and should indeed ultimately limit the ability 
to perform work. 

The present experiments were designed to study the relation of work 
intensity to ionic shifts in the plasma. Quite clearly, the rate of potassium 
concentration increase varies directly with the intensity of the work as shown 
in tests involving a short run at varying speeds. The increase in potassium 
was observed to be an early manifestation of muscular work in contrast to 
the lactic acid level which was found to increase only with the most intense 
work. These results demonstrate that the ionic ‘‘debt”’ is probably not directly 
chargeable to a metabolic failure. 

When the 1unning time was prolonged by using a lesser intensity of exercise 
it was observed that although the usual sodium and potassium changes were 
present they had not increased parallel to the increased duration of exercise. 
Indeed, as shown in Fig. 2, the rise in potassium occurred early and then tended 
to level off and even to decline again. Fenn (4) noted this same phenomenon 
in vitro and reported that in a series of twitches the rate of loss of muscle 
potassium diminishes with time. He suggested that a steady state was 
reached in which the loss of potassium from the muscle cells during contraction 
was just equal to the gain during recovery. This idea fits well with our view 
that a ‘‘debt” is incurred in the early stages of exercise. It would appear 
that at first there is insufficient time for the complete restoration of gradients 
during the recovery process. Thus, increasing the intensity of the exercise 
proportionately aggravates this deficit: hence the linear relation between 
plasma potassium increase and running speed during the first 7 minutes of 
exercise. The gradual speed-up of metabolism as a result of the exercise aids 
in the fuller restoration of gradients and in the establishment of a steady 
state. Thus, extending the time of a moderate exercise does not increase 
the ion “debt’’. 

It is well known that blood lactic acid increases after strenuous exercise 
in a wide variety of species (1, 10). The experiments reported here add some 
detail. First, it is evident that the rise in lactic acid occurs only as a relatively 
late phenomenon during exercise in the rat and is not directly related to the 
ionic shifts. Second, the increase in blood lactic acid occurs much more 
readily with advancing age in the rat. Third, the emotional upset involved 
in excitement or in struggle is a potent stimulus to lactic acid accumulation. 
This latter observation tallies closely with the work of Black (3), who showed 
that so-called resting values for blood lactic acid in fishes could be very mis- 
leading since even slight excitement produced a large increase. 

The findings presented here are consistent with our previous conclusion 
that the rate of potassium rise during exercise represents an index of muscle 
efficiency while the height of potassium rise correlates with fatigue. They 
also underline the importance of distinguishing between the effects of excite- 
ment and those of exercise. 
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It should be noted that although we have stressed potassium in this discus- 


sion, larger shifts in sodium actually occur. Unfortunately, analytic diffi- 


culties make it impossible to estimate these sufficiently closely for definitive 
correlation. 
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ANTAGONISTS TO SCHRADAN POISONING IN MICE! 
R. D. O’Brien Anp A. N. DAvison? 
Abstract 


Twelve agents have been tested for their capacity to antagonize schradan 
poisoning. Three showed promise, and were examined in more detail. The 
best compound, SKF525A, confers protection even if given after the schradan. 
When given simultaneously, 20 peat kg of SKF525A raises the LDw of schradan 
from 21 to about 80 mg/kg. There are two optima in the treatment times with 
SKF525A: at 1 hour before and simultaneously with the schradan. SKF525A 
also has a protective action against other compounds, notably Guthion, yet is 
without effect on parathion poisoning. The order of effectiveness of SKF525A, 
iproniazid, and 3-acetylpyridine in antagonizing schradan_ poisoning closely 
parallels their order of effectiveness in antagonizing pentobarbital detoxification; 
the significance of this is discussed. The protection afforded by these agents is 
probably due to inhibition of the activation of phosphorothionates and phos- 
phoroamidates. 


Introduction 


Schradan (tetramethyl phosphorodiamidic anhydride) and _ parathion 
(0,0-diethyl O-p-nitrophenyl phosphorothionate) are weak cholinesterase 
inhibitors but are converted to potent inhibitors (‘activated’) by the liver 
in vivo or by liver slices in vitro (8,9, 16). The respective conversion products 
are the hydroxymethyl derivative of schradan (11, 22) and the phosphate 
analogue of parathion, i.e. O,O-diethyl-O-p-nitrophenyl phosphate (19). Both 
of these conversions can be carried out by the combined supernatant and 
microsomal fractions of liver in the presence of oxygen, magnesium, nicotina- 
mide, and diphosphopyridine nucleotide (DPN) (6). The reduced nucleotide 
(DPNH), along with liver microsomes, oxygen, magnesium, and nicotinamide, 
can convert schradan and also the weak anticholinesterase malathion (O,0- 
dimethyl S$(1,2-dicarboethoxy)ethyl phosphorodithioate) to potent anti- 
cholinesterases (20, 21). 

Liver microsomes, when provided with oxygen, magnesium, nicotinamide, 
and reduced pyridine nucleotides (or, alternatively, nucleotides plus liver 
supernatant fraction), can also accomplish a remarkable number of diverse 
reactions, most of which are oxidative. Thus they will detoxify certain 
barbiturates (4) and dealkylate some sympathomimetic amines (1), cleave 
aromatic ethers (2), hydroxylate phenylalanine (17), reduce certain keto 
steroids (12) and crotonyl CoA (15), cyclize squalene (23), and convert 
tetraethyltin to triethyltin (5). The question arises, to what extent are 
these reactions mediated by a common system? Some of the reactions above 
require DPN, others TPN (or the reduced forms); but there is some uncer- 
tainty about these specificities. It was therefore of great interest to find that 
SKF525A (8-diethylaminoethyl 3,3-diphenylpropylacetate hydrochloride) 
inhibited in vivo and in vitro both the activation of schradan (6) and the 


1Manuscript received July 3, 1958. 
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detoxification of hexobarbital (3), as well as a number of other reactions 
effected by liver microsomes (3). However, a preliminary experiment sug- 
gested that SKF525A inhibited parathion activation in vitro but not in vivo 
(6). 

The present study was intended to explore the capacity to inhibit phos- 
phoroamidate and phosphorothionate activation in vivo of certain compounds 
which were known to inhibit barbiturate detoxification in vivo (7, 10). 


Methods 


Mice were injected intraperitoneally with solutions of compounds in 0.9% 
saline, where possible, or in propylene glycol. The volume of solution injected 
was usually 0.2 ml per 20g live weight. ‘‘Rockland”’ mice were from Rockland 
Farms, New City, New York, U.S.A. ‘“Jackson’’ mice were from Roscoe 
B. Jackson Memorial Laboratory, Bar Harbor, Maine, U.S.A. ‘‘Taconic”’ 
mice were from Taconic Farms, Germantown, New York, U.S.A. 


Results 


A preliminary survey was made of a number of possible antagonists to 
schradan poisoning. The results indicated that the following compounds were 
effective: iproniazid (isopropyl isonicotinic acid hydrazide), SKF525A (B- 
dietuylaminoethyl 3,3-diphenylpropylacetate hydrochloride), hydralazine 
(2-(N’-p-tolyl-N’-m-hydroxyphenylaminomethyl)imidazoline hydrochloride), 
and 3-acetyl pyridine. 

The following compounds were without significant effect: Trasentine 
(8-diethylaminoethyl diphenyl acetate); reserpine; chlorpromazine; isopre- 
naline (DL-a-3,4-dihydroxyphenyl 8-isopropylaminoethanol hydrochloride); 
methyl hydrazine; isopropylidine isonicotinic acid hydrazide; 2,4-dinitro- 
phenol; dimethyl formamide. 

The effective compounds were more closely studied, with the results given 
in Table I; the order of their effectiveness was: SKF525A > iproniazid > 
3-acetyl pyridine. Hydralazine was found to be toxic at the level of about 
84 mg/kg; at this level it increased the time to death of subsequent schradan 
poisoning, but it did not affect the percentage of mortality. In the results of 
Table I, times to death were little affected by the agents. 

The effect of time of pretreatment was examined for the case of SKF525A. 
The results (Table II) show that there are two “optimal” times for treatment: 
one at about 60 minutes prior to the schradan, another at about the same 
time as the schradan. The decline in effectiveness from the 60-minute 
pretreatment is statistically valid; the percentage of mortality with 60 minutes 
is significantly less than with a 20-minute pretreatment, as judged by the 
chi-squared test (5% probability, Yate’s correction used). 

The data of Table I show that SKF525A is a remarkably potent antagonist 
of schradan poisoning, showing a clear reduction in mortality at a dose of 
1/10th that of the schradan. Furthermore, Table II shows that it can 
provide protection even if given after schradan. It seemed, then, that 
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TABLE I 
ANTAGONISM TO SCHRADAN POISONING 
Average Ap OX. 
Dose, No. % time to death, %, 
Compound mg/kg treated mortality minutes mg/kg 
Nil - 18 78 35 
Iproniazid 25 6 83 44 45 
40 6 33 41 
50 6 0 - 
100 5 0 - 
SKF525A 2.5 6 50 43 
§ 6 33 53 7 
4.3 6 0 - 
3-Acetyl pyridine 50 6 67 40 >200 
60 6 50 46 
75 6 67 33 
200 6 17 53 





Note: Schradan, 25 mg/kg. 


schradan. 


Mice, female (Rockland) 16-19 g. All antagonists were given 60 minutes before 
EDw: dose effective in protecting 90% of the mice. 











TABLE II 
EFFECT OF TIME OF TREATMENT ON PROTECTION AGAINST SCHRADAN POISONING 
BY SKF525A 
Minutes prior to No. % Average time 
schradan administration treated mortality ‘ to death, minutes 
120 10 30 33 
60 20 10 (50, 250) 
40 10 60 44 
20 20 60 39 
10 20 30 44 
5 10 40 46 
0 10 10 38 
—10 10 10 14° 
—20 10 60 33 
—30 10 80 35 
Schradan alone 18 78 35 








Note: Dose of SKF525A 


, 2.5 mg/kg. 


TABLE III 


Mice, female (Rockland) 16-19 g. Dose of schradan, 25 mg/kg. 


EFFECTIVENESS OF SKF525A UPON VARIOUS LEVELS OF SCHRADAN 











Schradan, mg/kg No. tested % mortality 
100 10 90 
80 10 50 
70 10 20 
60 10 40 
50 10 0 





NotTE: Mice, taconic female. 
before schradan. 


SKFS525A at 20 mg/kg was given immediately 
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massive doses of SKF525A might be useful therapeutically in cases of acci- 
dental poisoning. The maximum dose of SKF525A alone that could be 
administered to mice without showing symptoms was 20 mg/kg. This dose 
was therefore given simultaneously with various doses of schradan. The 
results (Table III) show that the LD» of schradan is raised to about 80 mg/kg. 
The LDygo of schradan alone was found to be 21 mg/kg (18 animals). 

SKF525A has been shown to inhibit the activation in vitro of parathion 
(6) and Guthion (O,O0-dimethyl S-(4-oxo-3H-1,2,3-benzotriazine-3-methy]) 
phosphorodithioate) (18). The effectiveness of the three antagonizing 
agents in vivo against parathion and Guthion was studied, with the results 
shown in Table IV. Parathion was not effectively antagonized by any of 
the agents; Guthion was antagonized by SKF525A and to a lesser extent by 
iproniazid. However, SKF525A only raised the LDs for Guthion from 7.5 
to between 12 and 15 mg/kg. 

The unexpected observation that one thionophosphate was antagonized, 
not another, prompted an investigation into other organophosphates contain- 
ing thionophosphorus, tertiary nitrogens, or both. The results (Table V) 
showed that with compound A (containing dialkylamido and amino nitrogens), 
SKF525A was effective; with B, the ethyl analogue of schradan (containing 
dialkylamido nitrogens) it was not; with C (containing a dialkylamino nitrogen) 
it was not; with D (containing a dialkylamino nitrogen and a thionophos- 
phorus) it was effective. 


The final questions was: is the order of effectiveness of these agents against 
schradan activation the same as that against barbiturate detoxification? 
The relative capacity of the three compounds to inhibit pentobarbital break- 
down was studied by observing the time of sleep induced by a fixed dose of 
pentobarbital (50 mg/kg) with various doses of the antagonists. Sleeping 
time was defined as the period between loss and recovery of the righting reflex. 

Preliminary experiments carried out on mice (usually Swiss-Webster type 
SW) similar to those used in the organophosphate studies showed an excessive 
variation in response to the barbiturate. Thus, Rockland SW mice slept for 
0 to 126 minutes, average 18+36 (standard deviation) after 50 mg/kg of 
sodium pentobarbital. Other genetically more homogeneous mice were 
therefore studied, and it was found that most of the available homogenous 
strains gave a reasonably uniform response. C57 Leaden (Jackson) mice 
were selected for further study on the grounds of availability and low varia- 
bility. With 50 mg/kg of sodium pentobarbital, these mice slept for 34 to 64 
minutes, average 47 +9.4 minutes. 

The effect of SKF525A, iproniazid, and 3-acetyl pyridine upon barbiturate 
sleeping time was studied. Figure 1 shows the good linear variation of 
sleeping time with dose of antagonist. Clearly the order of effectiveness of 
the agents against barbiturate degradation is similar to that against schradan 
activation. At a sleeping time of 90 minutes, the ratio of effectiveness, 
SKFS525A: iproniazid, is about 8.7; at 120 minutes it is 5.6. The ratio of the 
approximate doses required to give 90% protection against schradan poisoning 








0 
el 
g 
Ss 
” 
| 
fe) 
- 
§ 
y 
iS} 
an 
ral 
eo) 
A 
Q 
Z 
< 
ol 
x 
& 
a 
= 
is) 
= 
12) 
} 
=.) 
ny 
° 
Zz 
~ 
~ 
oO 
~- 
Z 
< 
— 
Q 
a 
Zz 
< 
iS) 


1208 


"Al 21GB L SB ‘suoHZpucd :aLON 





®(@H*D) WHSHI—-O- POO) 
Ss 


azeuoryzos0ydsoyd ([AyJouyWTeTAYIIP-g)-O 
144321P-0'O (dd) 


*(°H*°O) N*HO*H aiid had H*D) 
oO 


278 [OyYJOLOYdsoyd ([AYJIOUTWIETAYIaIP-g)-S 
14479IP-0'O (9) 
*CCHO) WE —O PONCHO) ) 
Oo Oo 
aplpAyue sIprurerporoydsoyd [Ay ee] (gq) 
N*(*HD) 
a 
*(*H*D) NSHO*HO—S—d 
iN 
O OTH*D 
azeprwejlory os0ydsoyd 


001 ' (IAqye0urureTAyIa4P-g) 
09 - “§ 14479-0 [AINAIP-N'N (V) 





AyHeywou % 


‘ON Ayyeyou % 


“ON 


Ayyeyiow % ‘ON Ayyeyiou % ‘On 





Ajsnosuez[Nnuisg as0joq inoy { 


Ayyeziouw % 


punoduros 





~ @UypHAd |Ay29y-¢ 


pizeruoidy 


VszsixXs 


auoly 








SNASOUMLIN AUVILUAL ONINIVINOD SALVHdSOHAONVOUO OL WSINOOVINY 


A ATaVL 











O'BRIEN AND DAVISON: SCHRADAN POISONING ; 1209 








200+ 
SKF 
525A 
 150F 
- IPRONIAZID 
= 
w 
= 
= 
100K 
o 
z 
ws 3-ACETYL PYRIDINE 
w 
= ° 
e ° 
50 
i l l l 
° 150 200 


50 100 
Mg/Kg OF ANTAGONIST 


Fic. 1. The effect of SKF525A, iproniazid, and 3-acetyl pyridine upon sleep induced 
by sodium pentobarbital (50 mg/kg). Six mice per point, except for 3-acetyl pyridine 
(12 mice), Marsilid at 60 mg/kg (12 mice), and no antagonist (19 mice). 


is 6.4. Quantitative agreement is therefore good. -3-Acetylpyridine is too 
poor an antagonist of schradan poisoning for reliable quantitation; against 
barbiturate degradation it has about 1/12 of the activity of iproniazid and 
1/83 of the activity of SKF525A (at a sleeping time of 65 minutes). At very 
low levels SKF525A showed an unexpected effect: 2 mg/kg actually reduced 
the sleeping time from an average of 47 +9.4 minutes (19 animals) to 29+10.8 
(9 animals). This difference was highly significant, as judged by the ¢ test 
(P = 0.001). 


Discussion 


From the practical point of view, this study showed that schradan poisoning 
could be antagonized very effectively, especially by SKF525A. This is of 
particular importance because agents of the PAM type (pyridine-2-aldoxime 
methiodide), which are effective against poisoning by diisopropyl phosphoro- 
fluoridate, offer no protection against schradan poisoning (13). The pro- 
tection by the agents described in the present work is presumably effected by 
inhibition of the activation of the organophosphates. Consequently, poisoning 
by organophosphates which do not require prior activation will not be anta- 
gonized by the agents. In some cases of doubt the agents may help to decide 
if activation does indeed occur. The PAM-type compounds (which probably 
act by reversing the inhibited cholinesterase) often give only meager protection 
with several organophosphates (14), which suggests that an extensive exa- 
mination of the antidotal properties of SKF525A would be valuable. 

Independent studies are needed to establish beyond doubt that the anta- 
gonisms reported in this paper are indeed solely due to inhibition of activation. 
Iproniazid and 3-acetyl pyridine have structural similarities to the PAM-type 
compounds, and might have some effect in reversing inhibited cholinesterase. 
That such an effect is of importance is made less likely, however, by the 
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observation that the capacity of SKF525A, iproniazid, and 3-acetyl pyridine 
to antagonize schradan poisoning closely paralleled their capacity to antag- 
onize barbiturate detoxification, and the fact that schradan activation and 
barbiturate detoxification are effected by similar systems in vitro. 

The above-mentioned parallelism between protection against schradan 
and potentiation of barbiturate suggests that in vivo there is at least one 
common step in the metabolism of these two radically different compounds, 
and that this common step can be inhibited by the agents under study. It is 
remarkable that such relatively closely related compounds as Guthion and 
parathion, which are both activated in vitro by appropriately fortified liver 
preparations, are not antagonized similarly in vivo by these agents, which 
might be expected to antagonize all thionophosphates. Presumably parathion 
must have a greater affinity than Guthion for the activating system in vivo, 
and thus is not seriously affected by the presence of the agent. 
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THE FORMATION OF GLYCEROPHOSPHATIDES FROM 
C“-LABELLED PRECURSORS IN RAT BRAIN SLICES! 


E. T. PRITCHARD? 


Abstract 


The relative incorporation of a number of C'-labelled cocen into the 
phosphatides of surviving rat brain and liver slices was examined.. In addition, 
the distribution of radioactivity within the individual phosphoglycerides was 
determined for each precursor. Acetate was the only precursor that contributed 
considerable radioactivity to the fatty acid portion of the phosphatide molecule. 
The other precursors donated their radioactivity to the non-fatty acid portion of 
the glycerophosphatide molecule, both in brain and liver tissue. In brain it 
was found that ethanolamine was the most effective precursor, followed by 
serine, choline, glycerol, acetate, and glycine. In liver the order was acetate, 
glycerol, serine, choline, and glycine. Aerobic conditions and an adequate 
carbohydrate metabolism were essential for optimum incorporation of the pre- 
cursors into the phosphatides of brain slices. 


Introduction 


Many investigators have used C-labelled precursors to study phosphatide 
metabolism in mammalian tissues. However, most of this work was carried 
out in vivo, or with perfused organs. With the exception of the recent 
publication of Majno and Karnovsky (1), the author is not aware of any 
extensive report on the formation of rat brain phosphatides from a series of 
C-labelled precursors in vitro. This is in contrast to the many publications 
on the labelling of brain phosphatide with inorganic P® (2, 3, 4, 5, 6, 7). 

The present paper describes the incorporation of a number of C'-labelled 
precursors, such as acetate, glycerol, glycine, serine, ethanolamine, and 
choline, into the phosphatides of brain slices. For each precursor, the dis- 
tribution of the label among the individual phosphatides and the disposition 
of the radioactivity within the glycerophosphatide molecule were determined. 
For comparison, similar, although less comprehensive, studies were made 
with rat liver slices. 


Experimental 

Materials 

Symmetrically labelled glycerol-1-C'™ and piL-serine-3-C™ were obtained 
from the Radiochemical Centre, Amersham, England. Acetate-1-C™, 
choline-1,2-C™, glycine-2-C™ were supplied by Tracerlab, Inc., Boston, Mass. 
Ethanolamine-1,2-C™ was supplied by Isotope Specialities, California.’ 

The glycerylphosphorylethanolamine (GPE) was a gift from Dr. E. Baer, 
Banting and Best Department of Medical Research. The glycerylphos- 
phorylcholine (GPC) was a gift from Dr. C. S. McArthur, so yaboapae of 
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All solvents were redistilled and analytical grade reagents were employed 
throughout the study. 


Animals 

The animals were male rats of the Sprague-Dawley strain weighing 100 to 
250 g. The animals were maintained in an air-conditioned room at 22° and 
were fed Master Fox Cubes (Toronto Elevators, Limited) ad libitum which 
contained approximately 53% carbohydrate, 3.5% fat, and 20% protein. 


Preparation and Incubation of Tissue Slices 

Each animal was killed by decapitation and the brain was quickly removed. 
The cerebral hemispheres were separated from the rest of the brain, freed of 
excess white matter, blotted, and placed on an ice-cold, ground-glass slide. 
Slices less than 0.5 mm thick were cut freehand with a safety razor blade. 
Each slice was rapidly weighed on a torsion balance and transferred to a 
Warburg flask containing cold Krebs-Ringer saline, buffered with either 
bicarbonate or 2-amino-2-hydroxymethylpropane-1,3-diol (Tris) at pH 7.4. 
Liver slices were prepared in a similar manner except that the liver was 
perfused im situ with ice-cold isotonic saline prior to slicing. Approximately 
125 mg of tissue was placed in each flask. Three micromoles of labelled 
substrate containing 2 uc of radioactivity was added. The final volume was 
always 3 ml. Unless specified otherwise, glucose (11 mM) was added to all 
brain preparations. The flasks were attached to their manometers and 
gassed with 95% O.-5% COs: (bicarbonate buffer) or 100% Oz (Tris buffer). 
The samples were then incubated for 2 to 3 hours at 37.5° with shaking to 
ensure adequate oxygenation. 


Extraction and Purification of Phosphatides 

The medium was decanted off and the tissue was homogenized in 3 ml 
ice-cold, 10% trichloroacetic acid (TCA) with a Potter—Elvehjem glass 
homogenizer. The homogenate was transferred to a centrifuge tube with 
two 1-ml portions of 10% TCA. After centrifugation, the residue was washed 
seven times with 5-ml portions of 10% TCA solution containing the appro- 
priate carrier in a concentration of 0.05 M, and twice with 10% TCA. All 
operations were conducted at 2-5°. The lipids were extracted from the 
washed residue with cold ethanol, hot ethanol—ether, and ether, and the 
combined extracts were reduced to dryness under nitrogen. The phospha- 
tides were extracted with ether and petroleum ether and precipitated with 
acetone as described previously (8). The phosphatide fraction so obtained 
was either used for the hydrolysis and chromatography studies described 
below, or was further purified by the method of Smith (9). Lipid phos- 
phorous was determined by the method of Ernster, Zetterstrém, and Lindberg 
(10). 


Determination of Radioactivity 
The plating and counting techniques have been described previously (8). 
The activity was expressed in counts per minute per ug phosphorous. 
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Hydrolysis and Chromatography 

In order to separate the fatty acid from the non fatty acid portion of the 
phosphatide, suitable aliquots of the phosphatide extract were heated under 
reflux with 1 N HCl for 24hours. The fatty acids were extracted with petro- 
leum ether, reduced in volume under nitrogen, and their radioactivity deter- 
mined. The aqueous portion was taken to dryness, made to volume with 
water, and suitable aliquots plated for determination of radioactivity. 

Aliquots of the lipid extract were hydrolyzed by the method of Dawson (11). 
The water-soluble hydrolysis products were separated by two-dimensional 
paper chromatography (11). The dried chromatograms were stapled to 
X-ray film and stored for 1-3 weeks, depending upon the radioactivity in the 
original extract. The developed radioautographs were used to locate the 
radioactive areas on the original chromatograms. The material from these 
areas was eluted for determination of phosphorous and radioactivity. By 
this method it was possible to separate GPC, GPE, glycerylphosphory]l- 
serine (GPS), glycerylphosphate (GP), and an inositol-containing hydrolysis 
product (IP) derived, respectively, from lecithin, phosphatidyl ethanolamine, 
phosphatidyl serine, phosphatidic acid, and inositol lipid (11). The spots 
containing GPC, GPE, and GP were identified by comparison of their Ry, 
values with those of authentic compounds. Acid hydrolysis of GPC, GPE, 
and GPS yielded glycerylphosphate and, respectively, choline, ethanolamine, 
and serine, which were identified chromatographically. In this way the 
distribution of radioactivity in GPC, GPE, and GPS was determined. 


Results 


Incorporation of C'*-Labelled Precursors into the Phosphatides of Slices of Brain 

The results obtained when various C-labelled precursors were incubated 
with respiring rat brain slices are given in Table I. It appears that choline, 
ethanolamine, serine, and glycerol were the precursors most actively incor- 
porated into phosphatide, followed by acetate and glycine. It should be 
noted that the radioactivity of the added choline (expressed as microcuries 


TABLE I 


INCORPORATION OF C'4-LABELLED PRECURSORS INTO RAT BRAIN PHOSPHATIDES* 











Specific activity 





C*-Labelled precursor (counts/min per ug P) S.E. mean No. experiments 
Acetate-1-C™ 22 +2 8 
Glycerol-1-C™ 54 +3 19 
Glycine-2-C™ 12 $3 9 
Serine-3-C™“ 91 +9 7 
Ethanolamine-1,2-C™ 315 +9 2 
Choline-1,2-C™ 74 + 6 10 





*Slices (125 mg) incubated 3 hours at 37.5° in benyres w peta yy medium, pH 7.4 containing 11 mM glucose. 
Three micromoles precursor added containing 2 yc activity except in case of choline (0.6 yc). 
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per micromole) was less than one-third of that of the other precursors. Also 
the serine was in the pt-form. These precursors, therefore, had an activity 
approaching that of ethanolamine. 

The above experiments were carried out in bicarbonate buffer. When 
Tris buffer was substituted for bicarbonate, it was found that, generally, 
the specific activities of the lipid were lower, although the relative order of 
lipid labelling by the various precursors was the same. 

Each of the precursors studied was incorporated into liver phosphatides 
more readily than into the corresponding brain phosphatide. Labelled 
ethanolamine was not studied in liver preparations. Table II shows that 
acetate, glycine, and serine were relatively more active in liver slices than 
choline and glycerol. 


TABLE II 


COMPARISON BETWEEN THE SPECIFIC ACTIVITIES OF BRAIN AND LIVER PHOSPHATIDES* 








C™-Labelled precursor 
Acetate-1-C™ Glycerol-1-C“ Glycine-2-C™ Serine-3-C™ Choline-1,2-C™ 








S.A. liver phosphatide 18.7 1.8 17.0 10.0 2.0 
S.A. brain phosphatide 








*Conditions of incubation as in Table I. 
tS.A. =specific activity (counts per minute per yg lipid P). 


Partition of Activity between Fatty Acid and Non-fatty Acid Portions of the 
Phosphatide Fraction 

The phosphatide extracts of both brain and liver, labelled from various 
precursors, were separated into fatty acid and non-fatty acid fractions by 
acid hydrolysis. As is shown in Table III, the activity from all precursors, 
except acetate, resided in the non-fatty acid portion of the phosphatide 
hydrolyzate. Of the radioactivity of the acetate that was incorporated into 
the phosphatides, 90% was recovered in the fatty acid fraction for liver slices, 
whereas only 10% was recovered in this fraction for brain slices. However, 


TABLE III 


PARTITION OF RADIOACTIVITY BETWEEN THE FATTY ACID AND NON-FATTY ACID 
PORTIONS OF BRAIN AND LIVER PHOSPHATIDES* 








Per cent activity 


































Brain Liver 





C'*-Labelled precursor Fatty acids Non-fatty acids Fatty acids Non-fatty acids 





Acetate-1-C™ 12 88 94 6 
Glycerol-1-C™ 2 99 9 91 
Glycine-2-C™ 1 99 7 93 
Serine-3-C™ 1 99 — — 

- €heline-1,2-C™ - 0 - 100 0 100 — 





*Conditions of incubation as in Table I. 
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as will be seen below, none of the radioactivity from acetate was recovered 
in the glycerol or base portion of the nitrogen-containing glycerophosphatides 
in brain. None of the other precursors labelled the fatty acids of brain 
phosphatides to any appreciable extent. 


Distribution of Activity among the Phosphatides 

By employing the method of Dawson (11) the glycerol—phosphate—base 
moieties of the glycerophosphatides were separated and their radioactivity 
determined. These compounds are derived from the original phosphatides 
by removal of the fatty acids. If the fatty acid portion of the lipid molecule 
does not contain appreciable activity, then the specific radioactivity of these 
isolated moieties can be related directly to that of the parent phosphatides. 
Therefore, in both brain and liver, the partition of activity among the indivi- 
dual phosphatides from all C-labelled precursors, with the exception of 
acetate, is similar to that in the chromatographically isolated hydrolysis 
products. 

The results for brain and liver slices are presented in Table IV. It can be 
seen that with glycerol-1-C™, radioactivity was incorporated into all five 
phosphatides. For brain, GPS was the most active hydrolysis product; 
for liver, GP had the greatest specific activity. Choline-1,2-C™ and ethano- 
lamine-1,2-C™ were incorporated into the appropriate phosphatide, with no 
detectable interconversion. Although most of the radioactivity of serine- 
3-C™ was found in GPS, an appreciable amount was found in GPE and 
GPC in both brain and liver slices, indicating conversion of serine to ethano- 
lamine and choline, as has been demonstrated previously by Stetten (12). 
The radioactivity of glycine-2-C™ was found mainly in GPS, indicating a 
conversion of glycine to serine in both brain and liver slices. 


TABLE IV 


SPECIFIC ACTIVITIES OF HYDROLYSIS PRODUCTS OF LABELLED PHOSPHATIDES* 








Specific activity (counts/min/pg P) 











Brain Liver 
C-Labelled precursor GPC GPE GPS GP IP GPC GPE GPS GP IP 
Acetate-1-C™ 0 0 0 100 0 _ _— _ _ — 
Glycerol-1-C%* 147 97 353 116 - 160 171 7 56 333 81 
Glycine-2-C™ 0 1 47 0 0 1 3 29 0 0 
Serine-3-C™ 1 24 259 0 0 9 8 207 0 0 
Ethanolamine-1,2-C™ 0 132 0 0 0 —_ _ _— _ _ 
Choline-1,2-C™ 127 0 0 0 0 95 0 0 0 0 





*Conditions of incubation as in Table I. 


The relative proportions of lipid phosphorous isolated from both brain and 
liver by Dawson's procedure appear to be somewhat similar (Table V). 
There is no absolute guarantee that this represents the distribution in the 
parent lipid because of the non-quantitative nature of the procedure (11). 
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TABLE V 


PHOSPHORUS DISTRIBUTION AMONG THE GLYCEROPHOSPHATIDES OF BRAIN AND LIVER 
AFTER ALKALINE HYDROLYSIS AND CHROMATOGRAPHIC SEPARATION 








Per cent of total phosphorus* 








Lipid Brain Liver 
Phosphatidy! choline 53 59 
Phosphatidyl ethanolamine 27 25 
Phosphatidyl serine 13 7 
Phosphatidic acid 1 1 
Phosphoinositide 6 8 





*Rat brain tissue contained 51.7 + 1.9 (S.E.M.) mg phosphorus per gram (wet wt.). In brain the ratio— wet 
wt./dry wt. X 100—was 21.386 + 0.0074 (S.E.M.). Rat liver tissue contained approximately 21 mg of phos- 
phorus per gram tissue (wet wt.). 


Disposition of Activity within the Glycerophosphatides 

By further hydrolysis of the glycerol—phosphate—base moieties, the location 
of activity within the different parts of each of the nitrogen-containing 
glycerophosphatides was determined. The radioactivity of glycerol-1-C", 
which was incorporated into the glycerol—phosphate—base moieties of all 
three nitrogen-containing glycerophosphatides in both brain and liver (Table 
IV), was recovered almost completely in the glycerol portion of each of the 
glycerophosphatides from both tissues. 

The radioactivity of choline-1,2-C“, ethanolamine-1,2-C™, serine-3-C", 
and glycine-2-C“ was found in the base but not in the glycerol portions of the 
hydrolysis products. The disposition of activity from the different precursors 
within the glycerophosphatide molecule is summarized in Fig. 1. 
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Fic. 1. C-Precursors of brain glycerophosphatides. 
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Inhibitors 


A number of experiments were done with each of a series of metabolic 
inhibitors. Each inhibitor was studied over a wide range of concentration 
and with a selection of C-labelled presursors. To conserve space the key 
results from a large number of experiments have been condensed to 


summary form in Table VI. 
TABLE VI 


EFFECT OF METABOLIC INHIBITORS ON THE INCORPORATION OF C-LABELLED 
PRECURSORS INTO THE PHOSPHATIDES OF RESPIRING RAT BRAIN SLICES* 








C-Labelled precursor 








Inhibitor Concn.,M Acetate Glycerol Glycine Serine Choline 
No glucose — +++ cee + 44. anh 
Anaerobiosis —_ +++ +++ ++ 
Dinitrophenol 10-4 +44 +++ ++ ‘or ‘ws 

10% ++ ++ 
Fluoride (NaF) 10-3 ++ +++ ++ ++ ++ 
Iodoacetate 10-3 +++ ss aie, i ++ 
Malonate 10-3 +++ 0 + 0/S S 
Sodium azide 10-? +++ +++ 

10-5 S S 





*Conditions of incubation as in Table I. 


tExtent of inhibition indicated by: + moderate, ++ 50% or more, +++ almost complete, 0 no inhibition, 
S stimulated. 


Since phosphatide formation is an endergonic process, any compound that 
interferes with the production of metabolic energy would be expected to 
depress the biosynthesis of phosphatides. This is suggested by the finding 
that removal of glucose from the medium, or rendering the conditions an- 
aerobic, decreased the labelling from most of the precursors. The addition of 
the appropriate concentration of fluoride, iodoacetate, or 2,4-dinitrophenol 
decreased the labelling from all of the precursors studied. Malonate and 
azide inhibited the incorporation of acetate, but produced very variable 
results with the other precursors, ranging from inhibition to stimulation. 
Azide, at low concentrations (10-° M), appeared to stimulate the uptake of 
acetate and glycerol. 

These results are in general agreement with those reported by Strickiand 
(2) for P*-labelling of cat brain phosphatides in vitro. The influence of 
metabolic inhibitors on the labelling of liver lipids from acetate-1-C™ was 
studied by Kline and DeLuca (8). 


Potassium Ion 


Potassium ion is known to influence many metabolic reactions, but the 
most pronounced effects appear in brain slices (13). Increasing the con- 
centration of potassium ion in the medium from 6 mM to 125 mM caused a 
decrease in the incorporation of all C-labelled precursors studied. This is 
shown in Table VII. Acetate, glycerol, and choline were the precursors 
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most affected. Labelling from radioactive serine was little affected. As 
anticipated, the oxygen consumption of the slices was increased by the addi- 
tion of 65 mM potassium (Table VII). With the higher concentration of 
potassium the increase was much smaller. 


TABLE VII 


EFFECT OF INCREASING THE POTASSIUM ION CONCENTRATION ON THE LABELLING OF 
RAT BRAIN PHOSPHATIDES* 








Respiration 
(expressed as Specific activity (counts/min/yg P) 
K* concn., per cent of 
mM 6 mM concn. K) Acetate-1-C™ Glycerol-1-C“ Serine-3-C™ Choline-1,2-C™ 








6 100 23 90 41 92 
65 160 14 25 36 27 
124 112 4 21 39 16 





*Conditions of incubation as in Table I, except that time of incubation was 2 hours. 


Discussion 


The present study confirms the finding of Majno and Karnovsky (1) that 
slices of rat brain tissue are capable of incorporating many C-labelled pre- 
cursors into the phosphatides. In general, the results of the two investiga- 
tions are in good agreement. Detailed comparison is not possible because 
many of the conditions, including the concentration of the labelled precursors, 
were different. 


The experimental findings indicate that it is possible to label any part of the 
glycerophosphatide molecule in vitro, provided that.a suitable precursor is 
chosen (Fig. 1). The precursors glycerol, glycine, serine, ethanolamine, and 
choline may be used to study changes in the glycerol—-phosphate—base moieties 
of brain glycerophosphatides under various metabolic conditions. Acetate 
may be used to study changes in the fatty acid portion of the molecule. 
Preliminary reports on the effect of chlorpromazine on the labelling of phos- 
phatides in guinea pig (14) and rat (15) brain slices already have appeared. 

It is known that phosphorylcholine and phosphorylethanolamine can turn 
over independently of the remainder of the phosphatide molecule (16, 17). 
The details of the reaction, which requires cytidine triphosphate, were eluci- 
dated by Kennedy (18) for liver tissue. In the scheme proposed by Kennedy, 
phosphatidic acid provides a D-t,2-diglyceride acceptor for the phosphorylated 
base (19). It has since been shown that similar reactions occur in brain and 
nerve (20). Phosphatidic acid had long been suspected as an intermediate 
in the biogenesis of glycerophosphatides, because of its extremely high specific 
activity when labelled from inorganic _P®. The work of Smith, Weiss, and 
Kennedy (19) would indicate that phosphatidic acid was rightly prophesied 
as an intermediate, but for the wrong reason. In the liver experiments 
(Table IV) it may be seen that phosphatidic acid, labelled from glycerol, 
possesses a high specific activity relative to the other phosphatides. In brain 
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tissue, however, phosphatidic acid was not well labelled from glycerol. It may 
be that labelled phosphatidic acid GP was diluted with unlabelled GP from 
other sources during the extraction procedures. The same reasoning should 
also apply to liver lipids. Freinkel (21) recently reported somewhat similar 
results for the labelling of the phosphatides of sheep thyroid tissue from 
glycerol. In his experiments the phosphatidic acid possessed a low specific 
activity relative to the other glycerophosphatides. The absence of glycero- 
kinase in rat brain as reported by Wieland and Suyter (22) would not explain 
this difference unless the glycerol of phosphatidic acid has a different metabolic 
origin from that of the other glycerophosphatides. If this were true, then 
the scheme of phosphatide biogenesis advanced by Kennedy (19) would not 
be valid for brain. Perhaps the formation of some brain phosphatides 
involves a different intermediate such as bis-phosphatidic acid. 

The effect of metabolic inhibitors in the present experiments with rat 
brain, and in those of Strickland (2) with cat brain, show that an adequate 
supply of oxygen and the maintenance of oxidative phosphorylation are 
necessary for in vitro phosphatide synthesis. Kline and DeLuca (8) have 
shown that somewhat similar conditions are necessary for the incorporation 
of C™-acetate into the lipids of liver slices. 


It has been suggested that much of the cellular metabolism of a brain 
slice is directed towards maintaining a high gradient of potassium ion between 
the intracellular and extracellular fluid compartments of the tissue (23). 
An increase in the extracellular potassium concentration would lower this 
gradient and, in an attempt to re-establish the gradient, the metabolism of 
the brain slice would be directed toward the concentration of potassium ion 
by reactions that are energy consuming (24). This would divert available 
energy from other cellular processes, such as lipid synthesis. The consistent 
finding of lower concentrations of creatine phosphate in brain slices exposed 
to increased potassium ion concentration (25) indicates that under these 
conditions the tissue is depleted of its stores of high-energy phosphate com- 
pounds. It is probable that the lower specific activity of phosphatides of 
brain tissue incubated in a medium containing elevated potassium levels is 


the result of the effect of potassium ion on the creatine phosphate concentra- 
tion. 
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A SPECTROMETRIC STUDY OF THE REACTIONS 
OF KETOSTEROIDS IN SULPHURIC ACID! 


Hitpa F. GOLDBERG AND J. H. LInForD 


Abstract 


The reactions of C; ketosteroids in concentrated sulphuric acid and in fuming 
sulphuric acid have been studied by following the development of their absorption 
spectra. The results are attributed to protonation of the C; keto oxygen in 98%- 
100% acid, and to removal of the C; keto oxygen in fuming acid. These re- 


actions proceed at a higher rate at 100°C than at room temperature, but the 
reaction is the same. 


It is suggested that in the presence of conjugated protonated ketone, double 
bonds take part in addition reactions to form the hydrogen sulphates. In the 
absence of conjugated ketone, or when the acid is diluted to prevent the occur- 
rence of protonation, double bonds react with protonated molecules of acid 
solvent, or of diluent, or of added reactive compounds, to form carbonium ions. 


Introduction 


It has been established that steroids dissolve in concentrated sulphuric 
acid (ca. 98%) to form complexes which absorb light in the visible and ultra- 
violet spectral regions. This absorption is of high intensity and consists 
of sharply defined bands, the spectral positions of which are characteristic 
of the type of steroid. The absorption spectra therefore serve, within certain 
limits, to identify the steroid. 

An earlier study (12) of the relationships between the constitution of 
steroids and their absorption spectra in acid solutions indicated that the 
absorbing complexes were formed by protonation of hydroxyl and keto 
groups, and by carbonium ion formation at double bonds. Considering a 
specific group, the extent to which this occurred, or the extent to which the 
charged group absorbed incident light energy, was governed by the presence 
of other groups attached to the steroid nucleus; this nucleus was considered 
to be capable of transmitting, through induction or resonance effects, an 
influence of one group upon another. 


To continue this study, a selected group of steroids of the ketosteroid 
class was investigated. These compounds were dissolved in various solvents: 
sulphuric acid (98%), sulphuric acid (100%), and fuming sulphuric acid (15% 
sulphur trioxide). The absorption spectra were measured and these, in turn, 
were used to determine the rates of reaction at room temperature, 24° C—26° C, 
and at the temperature of boiling water, 98° C-99° C. In order to determine 
the number of particles formed, attempts were made to measure the lowering 
of the freezing point of the 100% sulphuric acid solvent by steroid solutes 
(4, 6). Tests were carried out to detect and measure sulphur dioxide, which 


would be formed if oxidative breakdown of the steroid by the acid were to 
occur (9). 


‘Manuscript received March 10, 1958. ‘i : 
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Materials 


Analar sulphuric acid (98%) and fuming sulphuric acid (15% SO;) were 
obtained from British Drug Houses, Toronto. Ethanol from Commercial 
Alcohols Limited, Montreal, was distilled in all-glass apparatus. Ammonium 
sulphate from J. T. Baker was dried to constant weight. Sulphuryl chloride, 
from British Drug Houses, was used in the form in which it was obtained. 
Cholesterol, cholestanol, and cholic acid, from The Matheson Company, were 
re-crystallized twice from ethanol or a suitable ethanol—water mixture, and 
dried to constant weight by heating at 65°C for 15 hours under reduced 
pressure. The ketosteroids were donated by Ciba Company Limited, and by 
the Medical Research Council Steroid Reference Collection, London, England; 
they were used without further purification as their absorption spectra in 
ethanol agreed with published values. Water was re-distilled from alkaline 
permanganate in all-glass apparatus. 

Fuchsin was obtained from British Drug Houses. To prepare the reagent 
for use in the sulphur dioxide test, a solution was made of 5.5 ml of Analar 
sulphuric acid, 117 ml of distilled water, and 2.0 ml of a 4% solution of fuchsin 
in ethanol. To 1.0 ml of the solution under test was added 4.0 ml of this 
reagent. 


Methods 


Preparation of 100% Sulphuric Acid (4,6) 

The solution which had the maximum freezing point, using the Beckman 
thermometer, was taken to be 100% sulphuric acid. Two types of apparatus 
were used, depending upon whether a large amount was required, as a solvent 
for absorption measurements, or whether a freezing-point depression measure- 
ment was to be made. To prepare this solvent for spectroscopic measure- 
ments, approximately 150 ml of fuming sulphuric acid was put into a 250-ml 
Erlenmeyer flask fitted with a ground-glass top having two necks, one for the 
Beckman thermometer, and one for the burette. From the burette, 35% 
(v/v) sulphuric acid — water was added; this composition enabled the end 
point to be approximated by cessation of fuming (1). The flask was placed 
in an ice bath, and dilute acid was added 0.5 ml at a time, then five drops 
ata time. Freezing, if not spontaneous, was initiated by touching the side 
of the flask with dry ice. Alternate thawing and freezing of the contents 
of the flask was carried out until the maximum freezing point was attained. 
As the 100% acid exists in a narrow region between the aqueous and oleum 
solvents, 0.3 ml of the titrant was then added in excess to ensure that the 
solvent was just on the ‘‘water branch”’ of the freezing-point curve (2). The 
100% sulphuric acid was stored in a bottle with a double ground-glass top 
which was kept over silicic acid in a desiccator. 


Cryoscopic Measurements 
Freezing point depression measurements were carried out by preparing the 
100% acid, as described above, but inside a test tube which also fitted the 
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double-necked ground-glass top, described in the preceding paragraph. One 
neck held the Beckman thermometer; the second held a stirrer. For these 
measurements a larger tube surrounded the test tube to act as an air bath. 
When the acid was believed to be slightly supercooled, the test tube was 
lifted from the air bath and the sides touched with dry ice to initiate crystal- 
lization. It was immediately put back into the air bath. The temperature 
rose when freezing took place, and the value which remained constant for 
2 minutes was taken as the freezing point. This was done three times. 
The second and third times the amounts of supercooling were made a minimum 
by touching the dry ice to the test tube immediately after the temperature 
had fallen below the freezing point observed the first time. Throughout the 
whole operation the solvent was vigorously stirred and the Beckman ther- 
mometer was rapped. In this manner the freezing point of the pure solvent 
was determined ; the ground glass joint was opened to admit the solute, and the 
process was repeated. Dummy runs were carried out, which showed that with 
the admission of the solute, moisture from the air depressed the freezing point 
an additional 0.04° C. 


To test the technique, measurements were made of the freezing point 
depression caused by the solutes—ethanol, sulphury] chloride, and ammonium 
sulphate, values of which have been reported in the literature (4). To ensure 
that the steroids would be dissolved in the sulphuric acid, a quantity of 
100% acid was prepared and divided into two samples. The steroids were 
weighed into small ground-glass stoppered bottles, a quantity of solvent was 
added, and the bottles were kept for two hours in the desiccator. The 
solution was then transferred to the cryoscopic apparatus. The second 
quantity of solvent, without added steroid, was treated in the same manner 
and its freezing point was also determined. 

The depression of the freezing point, AT, was interpreted in terms of the 
number of particles present, i, by the relations: 


[1] += M:/M, 
and 
[2] M,. = 1000 Kyg/G(AT) , 
where 
M;: formula molecular weight, 


e = experimental molecular weight, 

weight of solute, in grams, 

weight of solvent, in grams, 

AT = freezing-point depression, ° C, 

K+ = cryoscopic constant for sulphuric acid, 5.98° C per mole (4). 


Measurements of Absorption Spectra 

Stock solutions of 100 wg of the ketosteroids per ml of ethanol were pre- 
pared, and their absorption spectra were measured. To obtain known 
weights of crystalline solid, 0.2-ml aliquots were evaporated in test tubes in a 
bath of boiling water, or in an air oven at 65°C. Control experiments were 
carried out to prove that no losses occurred as a result of these methods. 








1224 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


The residues were dissolved in 5.0 ml of acid solvent and the absorption 
spectra of these solutions were measured repeatedly over a period of 10 
minutes to 7 days at room temperature, or a period of 3 minutes to 15 minutes 
at the temperature of boiling water. The sulphuric acid solvents used were 
98% (Analar), 100%, and fuming (15% sulphur trioxide). 

The absorbancies were measured, relative to distilled water, using quartz 
cells having a light path of 1.00cm. The values of the optical densities of the 
steroid solutions as listed in Table I have been corrected for the absorbancy 
of the solvent. The representative absorption curves in Figs. 2, 3, 4, and 6 
are not corrected. Spectral position is expressed in wave numbers (cm~). A 
check of the calibration and the compensating system was made with a 
solution of alkaline potassium chromate; the extinction coefficients and 


spectral positions of the absorption maxima agreed with those of Hogness, 
Zscheile, and Sidwell (10). 


Results and Discussion 


The optical densities of the acid solvents and of ethanol, measured with 
respect to distilled water, were low in the spectral regions in which the steroids 
were measured (Fig. 1). Included in this series of measurements was 70% 
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Fic. 1. Absorption of acid solvents and ethanol relative to distilled water. Acid 
solvents: 70% perchloric acid; fuming sulphuric acid (15% sulphur trioxide); 100% 
sulphuric acid (maximum freezing point);¥Analar (98% sulphuric acid). 
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perchloric acid, but no further use was made of this solvent. The rate of 
development of the absorption maxima of the steroids dissolved in the acid 
solvents is summarized in Table I. 


Representative absorption spectra are 
shown in Figs. 2, 3a, 3b, 4a, and 40. 
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Fic. 2. 


G. 2. Absorption of representative saturated and conjugated unsaturated 3-keto- 
steroids “7 absolute ethanol solvent: (A) testosterone 10 ug per ml; (B) pregnanedione 189 
ug per ml. 


The differences in the structures of the ketosteroids under study are shown 
by Fig. 5. The differences in the acid solvents arise from the ions present. 


From the work of Gillespie (2, 3) the ion species present in 100% sulphuric 
acid are represented in equations [3] and [4]. 


[3] 


2H.SO, = H;SO,* + HSO,- P 
[4] 


2H.SO, = H;0* + HS,0;-. 
Addition of water to the sulphuric acid will produce the reaction: 
{5] H,SO, + H.O = H;O* + HSO,- 
and the ions H;O+ and HSO,- may be considered to predominate, since their 


presence would repress the formation of H;SO,+ and HS,O;- as shown by 
equations [3] and [4]. 
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Fic. 3, a (above) and } (below). Absorption of the representative saturated 3-keto- 
steroid pregnanedione, 10.1 ug per ml of solvent: (a) in solution in 98% sulphuric acid; 
(6) in solution in fuming sulphuric acid. 
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Fic. 4, a (above) and b (below). Absorption of the representative conjugated un- 
saturated 3-ketosteroid A‘-androstene-3,17-dione, 10.3 ug per ml: (a) in solution in 98% 
sulphuric acid; (b) in solution in fuming sulphuric acid. 
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Fic. 5. Ketosteroid formulae: 
I, 5@-androstane-3,17-dione; II, androstane-3,17-dione; III, androstene-3,17-dione; 
IV, testosterone; V, progesterone; VI, pregnanedione; VII, dehydrocholic acid. 


Addition of free sulphur trioxide to the sulphuric acid will produce the 
reactions: 


[6] H.SO, + SO; = H,S,0; , 
[7] H.SO, + H.2S.0; = H;SO,* + HS,O;-, 


and the ions H;SO,* and HS,O0;~ will predominate, since their presence would 
repress the formation of H;O0*+ and HSO, as shown by equations [3] and [4]. 


Absorption Spectra in 98%-100% Sulphuric Acid 

A study of Table I and Figs. 3¢ and 4¢@ shows that for each ketosteroid 
dissolved in 98%-100% sulphuric acid an absorption maximum is present in 
the region 320 to 335 XK 10? cm. For a given steroid, little or no difference 
exists between the wave number positions of the absorption maxima in 98% 
acid solvent, and 100% acid solvent. The 100% acid, however, contains a 
trace of water, as described under ‘“‘Methods’’, and the ion species referred 
to in equation [5] are present in both cases. When maximum absorption 
intensity is attained, the absorption curve shapes differ very little from one 
steroid to another, but an effect on the peak position, due to unsaturation 
in the molecule, is apparent; the conjugated ketones have an absorption 
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maximum at 335 X 10? cm-, and that of the saturated ketones is at 328 X 10? 
cm or lower. The rate at which the absorption intensity develops also 
depends markedly upon the presence or absence of unsaturated conjugation 
with respect to the C; keto groups; the presence of the double bond speeds 
the reaction. The absorption is therefore attributed to protonation of the C; 
ketone in acid, to produce a charge resonance spectrum. 

The possible reactions of a single keto group may be written as follows: 


(i) Protonation of saturated systems 


[8] 
\4 Fi 
| + H,;0* nat L -— 
@\/™N + HSOM Pd - 
O HO 
AX 
em | HSO,- + H,O. 
* 
HO | 
VIII 
(ii) Protonation of conjugated system 
[9] 
Bas 
+ H,Ot + HSO,, — 
a@\¢ 
ee, ao a -“ 
NZ aN VA VAN VA 
eg, Co Aon eh 
Ho HO HO ~ + 


IX 





{10} | 
4N\Z 


a | a H,;0* aa HSO,- __ 
VN 


“*) -” 
\A \A 
ON _—_—_——> + an HSO,- + HO. 
|HO ee HO | 
x 


(iii) Addition to double bond, followed by protonation 
{11] 


KX +1 — £Y 
oO if Oo HSO, 


e¢ AK 

Ganesan + HSO,- whe H,0. 
+ 02MIN ~ 
Ho’ “HSO, HO’ “HSO, | 


XI 
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The action of the double bond, if only protonation occurred, would permit 
structures [IX and X. In the absence of the double bond, VIII only could 
occur. It is reasonable to assume that the system containing the double 
bond would produce absorption at lower energy, i.e., lower wave numbers, 
than would be produced by the saturated system. Since the reverse occurs, 
addition to the double bond must take place, as shown in XI. The polar 
HSO,- group could hamper resonance and shift the absorption to higher 
energy. Because there is no indication that the absorption is initially at the 
lower wave number and then progresses to the 335 X 10? cm™ position, we 
assume that addition to the double bond, when present, takes place before or 
with protonation. Reactions [8] and [11] therefore take place. Table I 
shows that the use of 100% acid in place of the 98% acid speeds the reactions, 
and increases the optical densities. This is considered to be due to the 
more efficient removal of HO from the reaction. 

The optical densities of the unsaturated ketones in the acid are greater 
than those of the saturated by a factor of 1.5. This may be due to an increase 
in the number of protonated molecules, or to an increase in the transition 
probability of the absorption. It seems reasonable to assume that the polar 
HSO.,-group strengthens the basicity of the keto oxygen and consequently 
intensifies the degree of protonation. 

Effects of the Ci; grouping on the development of absorption intensity 
may be observed. The androstanediones react more quickly than the preg- 
nanedione and cholic acid, which have bulkier groups at Ci; Also, proges- 
terone has a lower rate than androstenedione and testosterone. The similarity 
of the values for androstenedione and testosterone, the low rate of reaction of 
dehydrocholic acid, and the lack of a relation between absorption intensity 
and the number of ketone groups present, indicate that the groups are not 
insulated from one another. 

The reactions which are slowest at room temperature show the greatest © 
proportional increase in rate on elevation of the reaction temperature, as in the 
cases of pregnanedione and dehydrocholic acid; these saturated ketosteroids 
show little characteristic absorption at room temperature within the period 
of time studied. In the cases of the androstenediones and the conjugated 
unsaturated ketosteroids, the increased rate of reaction makes no difference 
to the shapes of the absorption curves. The equilibrium absorption closely 
approaches the same value at both temperatures for all compounds which 
reached a constant value at room temperature within 7 days. These con- 
siderations lead to the conclusion that protonation is not an instantaneous 
reaction in these cases. Gold and Tye (7), and Gillespie and Millen (5) 
have suggested that oxygen-containing compounds are solvated in sulphuric 
acid with no significant effect on the electronic structure of the solute. This 
chemical process may be the formation of a 1:1 complex between solute and 
solvent by hydrogen bonding, and is a precursor to proton transfer. The 


reaction rates do not follow a pattern corresponding to first or second order 
reactions. 
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Absorption Spectra in Fuming Sulphuric Acid 

The absorption spectra of steroids dissolved in fuming sulphuric acid may be 
presumed to result from the action of the ionic species indicated in the following 
equation: 

[7] H.SO, + H.S.0; = H;SO.* + HS.0O;-. 

The equilibrium constant for this reaction (3) indicated an ion concentration 
of about one hundred times the steroid molar concentrations that were used. 
The absorption is characterized by maxima at 355 X 10? cm“ for the saturated 
ketosteroids, and at 360 X 10? cm for the conjugated unsaturated keto- 
steroids. The curve shapes and positions of the absorption maxima differ 
from those observed in 98% acid, and remain unchanged when water is added 
to the fuming acid solution to convert it to 98% acid (Figs. 3b and 4b). These 
observations indicate that the spectra in 98% acid and in fuming acid arise 
from different reactions with the ketosteroid. 

All of the conjugated ketosteroids showed an initial absorption maximum 
at the position of that observed at 335 X 10? cm in 98% acid, and of a 
corresponding shape. Protonation must then occur initially; by analogy 
with the reactions in 98% acid, therefore, we may consider the following 
reactions to take place: 


(i) Protonation of saturated system 
[12] 


VA 
| + H;SO,t + HS,0;,- —> 


a a HS.0;- 
wi te at XK S.0:- + H:SO.. 
+HO HO | 


VIII 


(ii) Addition to double bond, followed by protonation 
[13] 


V / ‘ 
Y Jn + HSOQ, — Y \ + H;SO,t —> 
O oO HSO, 


ANZ N\A r 
ION a aS HS.0;- + H2SO,. 
\*HO HSO, HO . HSO. | 
XI 


These reactions produce the same absorbing systems as those which occurred 
in the 98% acid. The further irreversible effect of the fuming acid is postu- 
lated to be due to removal of the keto oxygen by the HS,O;~ ion as follows: 


(iii) 


S hh HS,0; CK HS,0; os 
+ + HS.0O;- — a © | + H;SO,* —> ings ’ 
mt My Ny 
HO HO +H,0 


We ee ee BW. «ke © 
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[14] 
we OK SK 
i nee 1 in me: ? 
\ 4 
+H,0 HS.0O, 
XII 
or 
(iv) 
me & + HS,0;- ge,” hf + H,SO,* wn @ 4 
ION N Say MA ' 
HO HSO, HO HSO, +H.O HSO, 
[15] 
HS.O, /\|/ MV\V 
‘wg | ———> + + HO. 
\ % 
+H,0 HSO, HS,.O; HSO, 


XIII 


‘In fuming sulphuric acid, the change from the lower to the higher tempera- 
ture increased the rate of reaction but produced little or no change in the 
shape of the absorption curve or in the maximum absorption intensity attained, 
within the periods of time that were studied. 


Absorption Spectrum of Sulphur Dioxide 


Irreversible effects may also be due to oxidative opening of a ring by the 
sulphuric acid. Tests were therefore carried out for evolved sulphur dioxide 
when steroids were dissolved in sulphuric acid. 

Sulphur dioxide in 98% acid or in fuming sulphuric acid has an absorption 
maximum at 360 X 10? cm, with an extinction coefficient of less than 400 (7). 
The steroids have extinction coefficients in this region of the order of 10; 
therefore oxidation of up to 10% of the steroid present, assuming two carbon 
atoms were affected, would produce sulphur dioxide having an absorption 
intensity of only one one-hundredth of that of the ketone, and which would 
be undetected. 

In 98% acid and fuming acid the reagent of Steigman as modified by 
Grant (9) produces an absorption maximum at 225 X 10? cm-; in the presence 
of sulphur dioxide a second maximum develops at 182 X 10? cm, which 
is readily indicative of the presence of 1 ug, i.e., the sensitivity of measure- 
ment of the sulphur dioxide is equal to that of the steroid. The absorption 
spectra are shown in Fig. 6. The ketosteroids do not absorb in this region. 
No trace of sulphur dioxide was found in any of the solutions of ketosteroid 
in acid and it was concluded that carbon was not removed from the steroid 
molecule by the sulphuric acid solvents. 


The sulphuric acid solvents alone showed no detectable absorption at 
182 X 10? cm™ when tested with the sulphur dioxide reagent. 
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Fic. 6. Full line, ultraviolet absorption of sulphur dioxide in sulphuric acid. Dotted 
line, visible region absorption of sulphur dioxide in sulphuric acid in the presence of 
Steigman reagent (9). Abscissa: wave numbers 107; ordinate: optical density of 
1.00 cm. 


Cryoscopic Experiments 

As a further method of study of the reactions that occur between steroids 
and sulphuric acid solvents, cryoscopic measurements in 100% sulphuric 
acid were carried out with steroids that were obtainable in quantity. The 
results are shown in Table II. 

The molecular weights in the last column of Table II are calculated from 
the observed freezing-point depressions in those cases in which the number of 
particles have been explained by chemical reactions of the solute with the 
solvent (4). These reactions give no explanation for the large numbers of 
particles deduced from the results with steroids in sulphuric acid. A true 
breakdown into this number of fragments is improbable owing to the lack of 
sulphur dioxide, the absorption, and the behavior of other compounds in 
sulphuric acid noted in the references. The steroids were dried to constant 
weight; occluded solvent can not be responsible, however, because it would 
have to equal, in weight, the sample of solute. Errors of technique of this 
magnitude are excluded by the control experiments on the solvent and by the 
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TABLE II 


TABLE OF NUMBER OF PARTICLES FORMED IN SOLUTION FROM ONE PARTICLE OF SOLUTE, 
CALCULATED FROM FREEZING POINT DEPRESSION 








Molecular Number Calculated 
Weight Weight weight, Formula of formula 
Solute solute, g solvent, g AT,°C. experimental weight particles weight 





Solvent 100% sulphuric acid 


(NH4)2SO4 0.4557 36.6 2.25 33.2 132 4 132.8 
0.0817 29.3 0.55 30.4 132 4 121.6 
C:H;sOH 0.2183 45.4 1.98 14.5 46 3 43.5 
0.1310 45.4 1.16 14.4 46 3 43.5 
0.0873 40.3 0.95 13.6 46 3 40.8 
SO:Cle 1.443 42.1 1.76 119.2 134 1 119.2 
1.115 42.1 1.29 122.8 134 1 122.8 
Cholesterol 0.0448 54.9 0.448 10.89 386 35 
0.0308 54.9 0.328 10.23 386 3 
0.0291 36.6 0.420 11.33 386 34 
0.0195 43.9 0.360 .48 386 45 
Cholic acid 0.0456 40.3 0.45 15.05 427 28 
0.0333 45.7 0.27 12.4 427 34 
0.0212 45.7 0.15 18.0 427 24 
Cholestanol 0.0373 54.9 0.29 14.1 389 28 
0.0326 54.9 0.23 15.7 389 25 
0.0155 36.6 0.24 10.7 389 36 
Solvent benzene 
Cholesterol 0.0673 17.6 0.045 412 386 1 412 





work on the low molecular weight compounds. Gold and Tye (8) could not 
establish the number of particles formed by anthracene in solution in sulphuric 
acid. 

The explanation of the large depressions of the freezing points brought 
about by the steroids may lie in the nature of the sulphuric acid solvent. 
The depression has been interpreted in terms of the number of particles 
((z) in equation [1]), but this effect arises from the number of different kinds 
of particles as well as the forces that they exert (4, 11). Sulphuric acid is a 
polar solvent which has considerable structure in the liquid state. The solute 
may well disturb this structure, and bring about a disassociation of the 
sulphuric acid which lowers its freezing point. Such an effect would be 
appreciable with the larger molecules and might be particularly associated 
with the fields of force of the anthracene and phenanthrene nuclei. 


Conclusions 


The 3-ketosteroids chosen for study in solution in sulphuric acid all possess 
a simple absorption spectrum consisting of one absorption maximum in the 
ultraviolet. In the case of the saturated compounds in this selection, pro- 
tonation of a keto group or groups is the only plausible reaction. Protonation 
of the C; ketone definitely occurs; the C; conjugated unsaturated ketones 
differ from saturated ketones by an increase in reaction rate, an increase in 
the final absorption intensity, and a shift to higher wave numbers of the 
spectral position of the absorption maximum. Within each of the saturated 
and unsaturated series of compounds, the position of the peak is unaffected by 
keto groups elsewhere in the molecule. The amplitude of the absorption 
did not appear to be related to the total number of ketone groups present. 
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The reaction rate, however, is influenced by the Ci; grouping. The observed 
absorption is considered to be a charge resonance spectrum centered upon 
the protonated C; keto oxygen. In fuming acid the keto oxygen is postu- 
lated to be removed. Conjugated double bonds, when present, appear to 
combine directly with sulphuric acid to form hydrogen sulphates; this con- 
trasts with their behavior in dilute acids (12) where protonated molecules of 
diluent or additive are considered to react with the double bonds. 

Oxidative breakdown of the steroid is ruled out by the absence of sulphur 
dioxide in the reaction mixture. Cryoscopic evidence, that approximately 
forty particles are formed in the reaction, has been attributed to changes in the 
acid solvent only. Aside from the absence of sulphur dioxide, such a complete 
breakup of the molecule is not supported by the simplicity of the spectrum, 
or by the behavior of other compounds in sulphuric acid. 

The groups associated with the Ci; position also take part in the reaction, 
the possible reactions being protonation of the keto group and removal of the 
hydroxyl group. In 98%-100% acid the reaction rates and absorption 
intensities are lower for the diones having keto groups at Coo compared to 
those at Ci;. The nucleus appears to ‘‘conjugate”’ the C7 position with the 
C; position to produce a single spectrum. ; 

Protonation of keto groups associated with the Ci7 position is considered 
to take place. Removal of Ci; hydroxyl from testosterone to form a double 
bond should lead to the formation of hydrogen sulphate; yet the spectrum of 
this steroid is practically identical with that of androstenedione (Table I). 
On the other hand, a carbonium ion at C7 would not be readily distinguishable 
from a protonated ketone because the latter has both oxonium and carbonium 
ion characteristics (12). We conclude that carbonium ion formation takes 
place at a double bond not conjugated with a keto group. At a double 
bond conjugated with a keto group, in strong acid, protonation of the ketone 
occurs and addition at the double bond; in weak acid, where protonation 


of the keto group does not occur, carbonium ion formation takes place at the 
double bond. 
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